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ABSTRACT 
The design and applications of quantum dots (QDs) as fluorescent probes for analyte 
sensing is presented. Cadmium based thiol-capped QDs were employed as probe for 
the detection of analytes. Comparative studies between core CdTe and core-shell 
CdTe@ZnS QDs showed that the overall sensitivity and selectivity of the sensor was 
dependent on the nature of the capping agent and the QDs employed, hence making 
CdTe@ZnS QDs a more superior sensor than the core.  
To explore the luminescent sensing of QDs based on the fluorescence “turn ON” 
mode, L-glutathione-capped CdTe QDs was conjugated to 4-amino-2,2,6,6-
tetramethylpiperidine-N-oxide (4AT) to form a QDs-4AT conjugate system. The 
QDs-4AT nanoprobe was highly selective and sensitive to the detection of bromide 
ion with a very low limit of detection. Subsequently, metallo-phthalocyanines 
(MPcs) were employed as host molecules on the surface of QDs based on the 
covalent linking of the QDs to the MPc. Elucidation of the reaction mechanism 
showed that the fluorescence “turn ON” effect of the QDs-MPc probe in the presence 
of the analyte was due to axial ligation of the analytes to the Pc ring. Studies showed 
that the type of substituent attached to the MPc ring influenced the overall 
sensitivity of the probe. Additionally, a comparative investigation using newly 
synthesized phthalocyanine and triaza-benzcorrole complexes was conducted when 
these complexes were conjugated to CdSe@ZnS QDs for analyte sensing. Results 
showed that the triaza-benzcorrole complex can be employed as a host-molecule 
sensor but displayed a lower sensitivity for analyte sensing in comparison to the 
phthalocyanine complex. 
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1.      INTRODUCTION 
This chapter provides a general overview of semiconductor quantum dots with 
emphasis on their synthesis, composition, surface chemistry, structural 
characterization and their reported applications as fluorescent-based sensors. 
The synthesis of metallo-phthalocyanines and their conjugation to quantum dots 
to form nanoconjugates and the possible use of the conjugates is presented. 
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1.1.     Quantum dots  
The present technological age is witnessing an explosion of research in 
biotechnology, engineering and nanoscale science.  Nanomaterials are basic building 
blocks for modern technological and scientific research. As the size of the organic or 
inorganic material becomes smaller on the nanometer scale, their electronic and 
optical properties vary largely from those of bulk materials, hence, they become size 
or shape dependent [1]. These properties of nanomaterials are the key to the success 
of nanoscience and nanotechnology. A particular type of semiconductor 
nanostructure that has found distinct applications in many areas is known as 
quantum dot (QD). QDs are semiconductor nanocrystals that exhibit unique 
electronic and optical properties that depend on the phenomenon known as 
“quantum confinement”. The quantum confinement effect refers to the confinement 
of energetic levels to discrete values which results from the increase in the bandgap 
and decrease of the nanocrystal size to few nanometers. This effect enables the 
energy gap to be tuned with changes in the QDs size while the band-gap energy 
depends on the size and composition of the QDs. QDs are known to be zero 
dimentional and exhibit well separated and discrete quantized energy states due to 
their smaller number of atoms compared to bulk materials. During synthesis, the 
growth of the QDs is evident by an increase in its emission and absorption band to 
the lower energy region of the electromagnetic spectrum. Each aborption and 
emission band of a QD corresponds to a particular size of the QDs. The fluorescence 
of the QDs can be tuned from the UV to the far infra-red region. QDs are typically 
made up of a core of a semiconductor material and they are usually coated with a 
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shell of another semiconductor which exhibits wider band gap energies [2-4]. QDs 
were first synthesized in 1982 for applications as probes for investigating surface 
kinetics [5]. QDs core are usually composed of elements of groups II and VI of the 
periodic table, e.g., CdTe, CdHg, CdSe and CdS or groups III and V, e.g., InP, InAs 
and GaAs, while the shell material is typically ZnS (mostly used). The diameter of a 
typical QD is about 2 – 10 nm [6]. The properties of semiconductor QDs are known 
to be unique when compared with fluorescent dye molecules. Organic dye 
molecules, despite their widespread availability in different colours and small size, 
are known to suffer from several limitations such as: broad fluorescence emission 
spectra, small Stokes shifts, narrow excitation spectra and photobleaching. Due to 
these limitations, organic dye molecules are less attractive for sensitive imaging and 
sensing applications. QDs on the other hand, have exceptional optical properties in 
comparison to organic dyes and these include: strong resistance to photobleaching, 
brighter fluorescence, size-dependent tunable emission and absorption in the visible 
and near infra-red (NIR) regions, narrow emission and broad absorption spectra and 
large and multiphoton absorption cross sections [1,7-14]. Fig. 1.1 shows a 
representative size-tunable absorption and fluorescence spectra of CdTe QDs (used 
as an example).  
 
1.1.1.     Applications of QDs 
Due to their unique properties, QDs have found myriad applications in a wide range 
of fields. They are exceptionally suitable for cellular assays, immunolabeling, live 
cell markers, in situ hybridization and as non-specific fluorescent stainers, etc, [15-
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17].  The ability to excite several QDs at the same wavelength enables the 
opportunity for multiple applications which include: high-throughput screening of 
biological samples [18]. For example, multiple QDs labels can be used for optical bar 
coding [19]. Several groups have also employed QDs in Förster resonance energy 
transfer (FRET) technologies particularly when conjugated to biological molecules 
[20,21], fluorescent dyes [22], enzymes [23], organic compounds [24] and antibodies 
[25]. QDs conjugates have been used in monitoring protein interactions [26,27], 
optical sensing [28,29] and imaging [30,31]. Other applications of QDs includes: gene 
technology [32], pathogen and toxin detection [33], location of tumour [34] and 
detection of ions, organic compounds and biomolecules [35-37]. Fig. 1.2 shows a 
representative schematic of the versatility of QD applications in different areas of 
science. 
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Fig. 1.1. Size-dependent absorption (A) and fluorescence emission (B) spectra of 
CdTe QDs [unpublished work]. 
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Fig. 1.2. The versatile applications of QDs in different facets of science [18]. 
 
1.1.2.     Synthesis of water-soluble QDs 
There are several methods reported in literature for synthesizing QDs with various 
properties in order to meet specific applications. To obtain water-soluble QDs 
required for chemical and biological applications, the two most frequently used 
methods includes: hydrothermal and organometallic synthetic routes [38]. There are 
two major ways of obtaining water-soluble QDs via hydrothermal synthesis. The 
first involves the use of a cathode stripping electrode [39] containing the precursor 
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solution and a thiolated ligand under basic condition. The resultant QDs nuclei are 
formed in the presence of the thiolated bifunctional ligand and this results in the 
colour change of the electrolyte from colourless to red brown. The second approach 
(which was employed in this work) involves generating the QDs precursor (e.g. Te) 
in the presence of a reducing agent (e.g. NaBH4) which is then mixed with another 
precursor (Cd) in the presence of a thiolated ligand under basic conditions [40]. Both 
procedures require the QD to grow at a temperature between 80 – 100 oC. In general, 
hydrothermal synthetic routes for QDs are much simpler, reproducible and can be 
scaled up. But often the QDs exhibits lower fluorescence quantum yields (ΦF) and 
crystallinity.  
To date, more than 70% of QDs reported in literature have been synthesized via the 
organometallic route which utilizes pyrolysis of organometallic precursors in 
organic solvents at a high boiling temperature (typically between 250 – 300 oC). It is 
known that high quality QDs are manufactured using this method. A hydrophobic 
surfactant is usually coated on the surface of the QDs resulting in the production of 
hydrophobic nanocrystals. In practice, these hydrophobic QDs are made water-
soluble by several methods [41]. For biological application, most of the methods rely 
on ligand exchange (Fig. 1.3) in which the hydrophobic coating is replaced with a 
hydrophilic ligand and thus enabling water solubility of the nanocrystal [41,42].  
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Fig. 1.3. Representation of a typical synthesis of QDs via the organometallic route 
and surface modification to obtain water-solubility. TOPO: Trioctylphosphine 
oxide; HPA: Hexylphosphonic acid. 
 
Other molecules like organic dendrons, peptides, phospholipid block-copolymer 
micelles, copolymers with acrylic acids, dithiothretol and pyridine-modified 
polyethylene glycol have also been anchored onto the QDs surface to obtain water-
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soluble nanocrystals [41,43-46]. However, the transfer of hydrophobic QDs to 
hydrophilic QDs usually results in a drastic decrease in the fluorescence quantum 
yield of the QDs. This is presumably due to chemical reaction of water with surface 
states, a process which results in surface traps for conduction-band electrons. Hence, 
an efficient balance between the properties of the capping agent associated with the 
QDs and its effect on the photophysical properties of the nanocrystal need to be 
maintained to produce high quality QDs.  
In this work, hydrothermal and organometallic synthetic routes were employed in 
manufacturing the QDs. 
 
1.1.3.     Core vs core-shell QDs 
Core nanocrystal QDs have been extensively used in a variety of applications. In 
fact, most of the QDs probes reported in literature to date are mostly made up of 
core QDs. However, in terms of properties, they are of less quality compared to their 
core-shell counterparts for two major reasons: The first is that, core QDs are highly 
reactive as a result of their large surface area to volume ratio. This limitation results 
in an unstable structure which is highly prone to severe photochemical degradation 
[47]. Secondly, blinking and emission irregularities are examples of imperfections 
posed by the crystalline structure of the core QDs which results in switching 
between fluorescent and non-fluorescent states even under continuous illumination 
[48]. Also, for core QDs it is difficult to obtain high quality near infra-red emitting 
QDs which are suitable for specific biological applications. The most commonly used 
core QDs are CdTe, CdS, ZnS and CdSe. 
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Core-shell QDs on the other hand are known to be highly stable and preferable to 
their core counterparts. The growth of the shell reduces the number of surface 
dangling bonds which is known to reduce the fluorescence quantum yield of the QD 
by acting as trap states for charge carriers [49-50].  
In this work, both core CdTe and core-shell CdTe@ZnS and CdSe@ZnS are 
employed and their sensitivity and selectivity towards detection of analytes are 
studied. 
 
1.1.4.     Fluorescence quantum yield (ΦF) and lifetime (F) 
The fluorescence quantum yield is usually employed as a tool in confirming the 
quality of individual QDs. Qu and Peng [51] have reported that the stoichiometric 
ratio of precursors, the composition of QDs and reaction time were important 
parameters that influenced the ΦF of QDs. Also, it has been reported that as the 
particle radius increases, the ΦF of visible emitting ZnO QDs decreased [52]. In 
general, the coating of shell of wider bandgap energy on the core QDs has been 
extensively employed as a means of improving the ΦF of QDs [53].  
On the other hand, fluorescence lifetime measurements of QDs are usually used to 
elucidate interactions between the QDs and an analyte. F values are known to be 
dependent on the structure, size of QDs, solvent and type of capping on the QDs [54-
57]. QDs normally have decay lifetimes between 20 – 100 ns depending on the type 
of QDs [9]. They are also known to decay monoexponentially, biexponentially or 
triexponnetially, depending on the nature of the QD [54,58,59]. Wu et al., [54] 
demonstrated that unfunctionalized CdS QDs decayed monoexponnentially while 
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their functionalized counterpart decayed biexponentially. In general, the coating of a 
shell on the core QDs is known to prolong the lifetime of the QDs [48]. 
 
1.1.5.     The use of QDs in fluorescence sensing 
Since the luminescence properties of QDs are very sensitive to their surface states, it 
is expected that upon interaction with an analyte, the QDs surface responds to 
changes in the efficiency of the electron-hole recombination [60]. It is on this basis 
that several QDs optical-based sensors have been developed by exploiting either 
fluorescence enhancement or quenching modification strategies. Herein an overview 
on QDs probes which has been used to detect different classes of analytes is 
presented.  
 
1.1.5.1.     Fluorescence quenching 
The fluorescence of QDs is drastically quenched through different mechanisms of 
interaction with the analyte. The fundamental principle of fluorescence quenching of 
QDs is as follows: upon excitation of QDs at a specific wavelength, electrons are 
promoted from the valence band to the conduction band. This results in the 
formation of free electrons in the conduction band and positively charged holes in 
the valence band of the QDs. Under appropriate conditions, the electron and hole 
will recombine leading to fluorescence. Upon interaction of the QDs with an analyte, 
the electron-hole recombination will be suppressed which leads to fluorescence 
quenching [61,62].  
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Quenching effect is also commonly observed in conventional QD-FRET systems in 
which several probes have been developed. This involves energy transfer from the 
QDs (which act as a donor) to an acceptor molecule, which is then accompanied by a 
decrease in the fluorescence of the QDs and a stimulated increase in the fluorescence 
of the acceptor [63-65].  
In general, fluorescence quenching processes, even though they are widely used, are 
known to be affected by pH, concentration, solvents, temperature, etc [63]. These 
factors, if not addressed or taken into proper consideration could compete with the 
analyte sensing in the detection system. 
Table 1.1 summarizes a selection of analytes detected using CdTe, CdTe@ZnS and 
CdSe@ZnS QDs. Fluorescent QDs have been extensively utilized in the detection of 
several metal ions in aqueous solution. For example, Hou and Na employed the use 
of thioglycolic acid (TGA)-capped CdTe QDs for the detection of vanadium ion. 
They proposed that electron transfer from TGA to vanadium ion enabled the latter to 
bind to the QDs surface and thus facilitate the fluorescence quenching process for its 
detection [66]. QDs-based sensors for Zn2+, Ni2+ and Cu2+ have also been reported 
[67,68], Table 1.1. QDs probes for the detection of other ions have been reported [69-
76]. Fluorescent QDs have also been used for the sensing of cardiolipin, vitamin B6, 
nitro compounds, DNA and Escherichia coli etc [77-81], Table 1.1. Other QDs-based 
fluorescence quenching sensor includes the detection of C60 [82], cholesterol [83], 
peanol [84], carnitine [85], rifampicin [86], ractopamine [87], lapochol [88], glucose 
[89] and roxithromycin [90], Table 1.1. 
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Table 1.1. A selection of CdTe, CdTe@ZnS and CdSe@ZnS QDs-based fluorescent 
probes for the detection of various anlytes. 
QD type QD capping or 
molecule 
attached 
Analyte Measuring signal Ref 
CdTe TGA V(V) Fluorescence quenching 66 
CdTe TGA Zn2+, Mn2+, Ni2+ 
and Co2+ 
Fluorescence 
quenching/enhancement 
67 
CdTe MPA Cu2+ Fluorescence quenching 68 
CdTe L-cysteine Cardiolipin Fluorescence quenching 77 
CdTe TGA Vitamin B6 Fluorescence quenching 78 
CdTe L-cysteine Trinitrotoluene Fluorescence quenching 79 
CdSe@ZnS Nucleic acid DNA Fluorescence quenching 80 
CdSe@ZnS Colistin Escherichia coli Fluorescence quenching 81 
CdSe@ZnS Calix[8]arene C60 Fluorescence quenching 82 
CdSe@ZnS MAA Cholesterol Fluorescence quenching 83 
CdSe@ZnS aPMMA peanol Fluorescence quenching 84 
CdSe@ZnS cysteine Carnitine Fluorescence quenching 85 
CdTe@ZnS GSH Rifampicin Fluorescence quenching 86 
CdTe@ZnS bMIP ractopamine Fluorescence quenching 87 
CdTe MPA Lapachol Fluorescence quenching 88 
CdTe GSH glucose Fluorescence quenching 89 
CdTe MPA roxithromycin Fluorescence quenching 90 
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CdSe ME Ca2+ Fluorescence enhancement 91 
CdS TGA Melanine Fluorescence enhancement 92 
CdSe@ZnS MAA L-cysteine Fluorescence enhancement 93 
CdTe S-βCD-MUA Acetylsalicylic 
Acid 
Fluorescence enhancement 94 
CdSe p-
sulfonatocalix(n)
arene 
Phenylamine and 
methionine 
Fluorescence enhancement 95 
CdTe CNT H5N1 DNA Fluorescence enhancement 96 
CdTe Neutral red BSA Fluorescence enhancement 97 
CdTe@CdS Glycophosphate Cu2+ Fluorescence enhancement 98 
CdSe@CdS Dithizone Pb2+ Fluorescence enhancement 24 
CdSe@ZnS Graphene 
oxide 
Pb2+ Fluorescence enhancement 99 
CdTe Spiky-Au Anti-Neospora Fluorescence enhancement 37 
CdTe Praseodymium(I
II)-rutin 
DNA Fluorescence enhancement 100 
CdTe Fluorescein 
isothiocyanate 
Cd2+ Fluorescence enhancement 101 
aMolecularly imprinted polymer  
b2-Hydroxyethyldithiocarbamate 
cPolymethylmethacrylate 
TGA = Thioglycolic acid 
MPA = 3- Mercaptopropionic acid 
GSH = L-glutathione 
MAA = Mercaptoacetic acid 
ME = Mercaptoethanol 
S-βCD-MUA = 11-[(Ethoxycarbonyl)mercapto]undecanoyl-β-cyclodextrin 
CNT = Carbon nanotubes 
BSA = Bovine serum albumin 
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1.1.5.2.     Fluorescence enhancement 
Fluorescence enhancement effect of QDs in luminescent sensor technology involves 
the activation of the non-radiative electron/hole recombination pathway of the QDs 
fluorescence in the presence of an analyte [73]. QDs sensors based on fluorescence 
enhancement are more difficult to develop and have been reported less in literature. 
They are more advantageous because factors which could compete with the 
detection system of a QD quenching sensor are less effective here. They can be 
classified into two main categories. The first involves analytes which interact directly 
with the QDs surface (without the QD being mixed, conjugated electrostatically or 
covalently to any molecule). Reports on this system are very few. Fluorescence 
sensing depends extensively on the chemical nature of the analyte and its interaction 
with the QDs surface.  
For example, Mahmoud et al [91] (Table 1.1), interacted Ca2+ directly with the surface 
of 2-mercaptoethanol-capped CdSe QDs and developed a sensor based on the ability 
of Ca2+ to enhance the fluorescence of the QD. They proposed that the sensor works 
on the ability to form an analyte-capping ligand complex on the surface of the QD. 
Wang et al [92], Table 1.1, demonstrated in their work that melanine could directly 
enhance the fluorescence of TGA-capped CdS QDs. Hence, a sensor was developed 
for melanine. They proposed that the fluorescence enhancement process was due to 
the surface passivation of the surface states of the QDs by amine groups of melanine.  
Detection of L-cysteine based on direct fluorescence enhancement has been reported 
using MAA-caped QDs [93], Table 1.1. The use of QDs as fluorescent sensors for the 
detection of drug and drug metabolites has been reported by Algarra et al., [94]. 11-
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[(Ethoxycarbonyl)mercapto]undecanoyl-β-cyclodextrin modified CdTe QDs was 
synthesized and employed for the detection of acetylsalicylic acid (ASA) [94]. The 
fluorescence enhancement process was based on the ability of ASA to form an 
inclusion complex with the QD.  
The second classification of QDs sensors based on fluorescence enhancement 
involves analyte which interact with a QD bonded to a molecule or biomolecule of 
interest. In most cases, the molecule or biomolecule quenches the fluorescence of the 
QD and an analyte is introduced which restores the fluorescence in a concentration-
dependent manner. This type of sensing is reported in this work.  
Several QDs have been bonded to various molecules or biomolecules for the 
fluorescence enhancement sensing of specific analytes and this includes but not 
limited to: p-sulfonatocalix(n)arene (n =4 and 6) for the detection of phenylamine 
and methionine [95], carbon nanotubes for the detection of H5N1 DNA [96], neutral 
red for the detection of bovine serum albumin [97], glycophosate for the detection of 
Cu2+ [98], dithizone [24] and graphene oxide [99] for the detection of Pb2+, gold 
nanoparticle for the detection of anti-Neospora antibodies [37], praseodymium(III)-
rutin complex for detection of double-strand DNA [100], and fluorescein 
isothiocyanate for the detection of Cd2+ [101], Table 1.1. 
Some of the analytes detected in this work (as will be discussed later) have not been 
reported before for any QDs probe while those detected in this work and reported in 
literature were improved upon based on their detection sensitivity. Fluorescence 
enhancement sensing process of the QDs using phthalocyanines (Pcs) have not been 
reported before and it is therefore reported in this thesis. 
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1.1.6.     QDs to be employed in this work 
The QDs employed in this work were all water-soluble and cadmium-based. They 
were selected due to their wide applications in the chemical and biological fields and 
excellent fluorescence properties. The core QD used in this work is CdTe while the 
core-shell QDs used are CdTe@ZnS and CdSe@ZnS. The capping agents used in this 
work are thiol-based and are: thioglycolic acid (TGA), 3-mercaptopropionic acid 
(MPA) and L-glutathione (GSH). Fig. 1.4 shows the list of the QDs employed in this 
work. Thiol ligands were employed in this work to functionalize the QD surface 
because of their popularity in providing the greatest affinity to the QD surface 
compared to other functional groups [102]. The thiol ligands used have either an 
amino or carboxylic functionality which were employed for conjugation as will be 
discussed later. The QDs have been reported previously in literature but were re-
synthesized in this work with slight modifications as will be presented later. 
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Fig. 1.4. List of QDs employed in this work. (a) TGA-CdTe, (b) MPA-CdTe, (c) 
GSH-CdTe, (d) MPA-CdTe@ZnS, (e) GSH-CdTe@ZnS, (f) MPA-CdSe@ZnS and 
(g) GSH-CdSe@ZnS respectively. 
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Sub-aim of the thesis 
The aim of the thesis is to: 
1. Employ the use of CdTe, CdTe@ZnS or CdSe@ZnS QDs (with or without 
conjugation) for the fluorescence sensing of analytes. Also, a comparative study on 
their sensitivity and selectivity will be carried out. 
2. To link QDs phthalocyanines and related molecules for application as fluorescent-
based sensors.  
 
1.2.     Use of 4-amino-2,2,6,6-tetramethylpiperidine-N-oxide (4AT) in sensing 
4-Amino-2,2,6,6-tetramethylpiperidine-N-oxide (4AT) belongs to the class of nitroxyl 
free radicals which are often referred to as prefluorescent or profluorescent nitoxides 
because they are known to be effective quenchers of the fluorescence of pendent 
organic fluorophores [103,104]. Profluorescent nitoxides have been studied for over 
20 years and have been employed as sensors for free radical generation in polymer 
films [105], cationic metals [106], singlet oxygen in plants [107], nitric oxide [108], 
hydroxyl radical (HO●) [109], superoxide anion radical (O2●-) [110] and antioxidants 
[111]. 4AT has been reported to quench the fluorescence of CdSe QDs [112,113] and 
the possibility of using QDs-4AT as a sensor has previously been proposed [113]. 
Hence, Xu et al., [114] reported the use of QDs-4AT for the fluorescence sensing of 
GSH. In this work, QDs-4AT conjugate was employed as a fluorescence probe for 
anion sensing for the first time. 
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1.3.     Metallo-phthalocyanines 
Phthalocyanines (Pcs) have attracted a great deal of interest in several fields of 
science and technology due to their numerous properties which arises from their 
electronic delocalization and extensive heteroaromatic π-conjugation. Their optical, 
electronic, structural and catalytic properties have induced applications in 
photovoltaic and solar cells, electrophotography, Langmuir-Blodgett films, 
molecular electronics, electrochromic display devices, photosensitizers, liquid 
crystals, optical disks, low-dimentional conductors and gas sensing [115-124]. Pcs are 
two-dimensional 18 π-electron aromatic porphyrin synthetic analogues which are 
made up of four isoindole subunits linked together through nitrogen atoms (Fig. 
1.5).  
M
NN
N
N
N
N
NN
M = Metal ion
 
Fig. 1.5. General structure of phthalocyanine. 
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The chemical flexibility of Pcs and their metallo-phthalocyanine (MPc) derivatives 
enables the synthesis of a large variety of complexes containing different 
substituents (either axial, α-non-pheripheral or β-peripheral substitution). Also, the 
ability to incorporate up to 70 different metal ions into the Pc ring is a unique 
advantage in optimizing its physical responses which enables the design of a wide 
range of accessible chemical structures, capable of meeting specific needs [125]. 
Properties which makes Pcs/MPcs significantly attractive is their high molar 
absorptivity, long triplet lifetimes with high triplet quantum yields (depending on 
the central metal), resistance to chemical and photochemical degradation and 
emission and absorption in the near infra-red region of the electromagnetic spectrum 
[126].  
 
1.3.1.     Spectral behaviour 
Fig. 1.6 shows the UV/vis spectrum of a typical MPc. The spectral region between 
300 - 800 nm for Pcs has been grouped into two different regions based on theoretical 
calculations [127]. For a typical Pc (Fig. 1.6), the peak observed in the region 300 – 
350 nm is recognized as the B-band (consisting of two bands) while the peak 
absorbing in the visible region 650 – 670 nm is known as the Q-band [128]. The B-
bands correspond to the a2u to eg and a2u to eg transitions while the Q-band has been 
reported to be due to excitation between the ground state a1u highest occupied 
molecular orbital (HOMO) to eg lowest unoccupied molecular orbital (LUMO) as 
decribed by Gouterman’s four orbital model [129]. In a vast number of Pcs, the Q-
band is the most resolved and intense absorption band. The high molar extinction 
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coefficient (~ 105 L mol-1 cm-1) of the Q-band is the basis of the depth of colour and 
purity of phthalocyanines. Unmetallated Pcs usually display a split Q-band as a 
result of their lower symmetry while metallated Pcs display a single Q-band in the 
visible region. This phenomenon is only valid for a symmetrically substituted Pc 
scaffold. Once the Pc complex is unsymmetrically substituted, the breaking of the 
symmetry results in the splitting of the Q-band for MPcs [125]. 
 
Fig. 1.6. Typical electronic absorption spectrum of metallo-phthalocyanine 
(unpublished work). 
 
1.3.2.     General synthesis of symmetrical and unsymmetrical A3B type 
phthalocyanine 
The general synthesis of symmetrical substituted Pc involves attachment of the same 
substituent into the Pc ring which can be achieved by condensation of mono-, di-, or 
tetra-substituted phthalonitriles to form the corresponding symmetrical tetra-, octa- 
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or 16-subtituted Pcs [115]. The symmetrical tetra-substituted MPcs may be 
synthesized according to Scheme 1.1. 
Recently, special attention has been focused on the design of unsymmetrical Pcs. 
This is because they exhibit better organization capabilities and improved 
physicochemical properties with valuable applications in photodynamic therapy, 
materials science, optical signal detection techniques and optical limiting 
applications [130].  
Generally, statistical condensation is the most widely used method for the synthesis 
A3B-type Pcs. The Pcs bear one different (B) isoindole subunits and three identical 
(A) subunits which usually affords a mixture of six compounds (Scheme 1.2). The 
ratios commonly employed are 3:1 and 9:1 which favours the formation of 
unsymmetrical Pcs (Scheme 1.2), [131]. Sometimes, a ratio of 10:1 or even 40:1 is 
usually employed due to the different reactivities of substituents [132]. Even though 
this method has been widely used for the formation of A3B-type Pcs, it is often 
tedious due to difficulty in separating molecules with similar chemical structures.  
Both tetra-substituted and mono-substituted MPcs were employed in this work. 
However, the use of mono-substituted MPc complexes allows for a more defined 
conjugation to QDs unlike the tetra-substituted MPc 
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Scheme 1.1. Synthesis of non-peripheral (c) and peripheral (f) tetra substituted 
MPcs from monosubstituted phthalonitriles (a) and (d). 
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Scheme 1.2. Statistical condensation of two phthalonitriles to give 6 possible Pc 
structures [131]. 
 
1.3.3.     Use of phthalocyanine in optical sensing 
A number of reports have shown that Pcs can be effectively used as optical sensors. 
The variation of ring substituents and axial ligands, are known to influence different 
detection properties for gases [133]. For example, Vanderkooi et al. reported a 
fluorescence quenching sensor for dioxygen using meso-tetra sulfonated and pyridyl 
porphyrin derivates [134]. A film of NiPc derivatives have been prepared by spin 
coating and employed as active layers for the detection of pentacholophenol and 
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semazine using Total Internal Reflection Ellipsometry [135]. Other Pc optical sensors 
include: detection of mercury ion (Hg2+) using zinc tetraamino-phthalocyanine 
(ZnTAPc)-thymine conjugate [136], monitoring of volatile organic compounds using 
(OH)CuPc thin films [137], detection of NO2 using surface plasmon resonance 
technique with CoPc as an active added layer [138] and detection of alcohol vapours 
using spin-coated films phthalocyanine-porphyrin blend [139]. 
In this work, an attempt was made for the first time in employing both symmetrical 
and unsymmetrically substituted MPc as fluorimetric sensors when coupled to QDs. 
 
 1.3.4.     Phthalocyanine and related molecules synthesized in this work  
The structures of the phthalocyanines that have been synthesized and used in this 
work are shown in Fig. 1.7. The synthetic route to obtain the metal tetra-amino 
phthalocyanines (MTAPc) containing the central metals: (Al (1), Co (2), Ni (3), and 
Zn (4) have been reported in literature [140]. AlTAPc (1) has been reported for use as 
a fluorimetric sensor [141,142]. CoTAPc (2) and NiTAPc (3) have mostly been used in 
electrocatalysis [143,144], while ZnTAPc (4) has been studied as photosensitizers 
[145,146] and in optical sensing [136]. However, in this work, their use as 
fluorimetric sensors when covalently linked to QDs is reported for the first time. 
Unsymmetrical aluminium mono-amino phthalocyanine (AlMAPc (5)) and the 
mono-aminophenoxy phthalocyanine derivative (AlMAPPc (6)) were synthesized in 
this work for the first time. Similar derivatives of ZnMAPc and ZnMAPPc have 
previously been synthesized [146,147]. The substituent was chosen to obtain an 
amide bond formation with the carboxylic group of the QDs. 
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Unsymmetrical nickel mono-mercaptosuccinic acid triazatetra-bencorrole 
(NiMMSATBC (7)) (which is characterized by the loss of a bridging nitrogen atom) 
and phthalocyanine (NiMMSAPc (8)) complexes were also synthesized in this work 
for the first time and applied in fluorescence sensing application when coupled to 
QDs as was the case for the other phthalocyanines. The response of the fluorescence 
sensor with reference to the effects of central metals (Co, Ni or Zn) or the number of 
substituents (mono or tetra) on the Pc ring will be discussed. 
 
1.3.5.     Coating/conjugates of QDs with macrocyclic molecules and their use in 
optical sensing 
The application of host-guest interactions in luminescent sensor technology has led 
to the use of a range of macrocylic compounds capable of recognizing analytes with 
excellent specificity. Macrocyclic compounds such as calixarene, cyclodextrin, crown 
ether and porphyrin (Por) have been conjugated or coated to QDs for sesning [148]. 
Coating or conjugation, are two different routes of anchoring the macrocyclic 
compound onto the surface of the QD as depicted in Scheme 1.3. For the former, it 
involves synthesizing the QD together with the macrocylic compound with the sole 
aim of capping the compound directly onto the surface of the QD (Scheme 1.3A) 
[149]. 
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Fig. 1.7. Structure of MPcs used in this work.  
 
Conjugation (which was employed in this work), involves synthesizing the QDs and 
macrocylic compound separately and covalently linking the two entities via a 
coupling agent to form an amide bond between the QD and the macrocylic 
compound [146], Scheme 1.3B. The combination of the molecular recognition 
properties of host molecules with the unique optical properties of QDs has 
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contributed to the design of sophisticated sensors. Table 1.2 [94,150-162], gives a 
summary of some reported host-molecule coated/conjugated QDs and their 
applications for analyte sensing. For example, p-Sulfonatocalix[4]arene-coated 
CdSe@ZnS QD was developed to detect acetylcholine [152]. 
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Scheme 1.3. Schematic showing the (A) coating of 15-crown-5 functionalized QD 
[149] and (B) conjugation of mono-substituted Pc to QD [146]. 
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Table 1.2. Summary of QDs coated with macrocyclic compounds and their sensing 
systems. 
Type of host-molecule coated QDs Analyte Detected Measuring signal REF 
β-Cyclodextrin-CdTe QDs Acetylsalicyclic 
acid 
Fluorescence enhancement 94 
15-Crown-5-CdSe@ZnS QDs K+ FRET 149 
α-Cyclodextrin-CdSe@ZnS QDs p-nitrophenol Fluorescence quenching 150 
β-Cyclodextrin-CdSe@ZnS QDs 1-naphthol Fluorescence quenching 150 
S-calixarene-CdSe@ZnS QDs Hg2+ Fluorescence quenching 151 
p-S-calix[4]arene-CdSe@ZnS QDs Acetylcholine Fluorescence quenching 152 
calix[4]arene-CdTe@SiO2 QDs Methomyl Fluorescence enhancement 153 
calix[4]arene-CdTe@SiO2 QDs Anthracene Fluorescence enhancement 154 
calix[7]arene-CdTe@SiO2 QDs Pyrene Fluorescence enhancement 154 
p-S-calix[4]arene-CdSe QDs L-Cysteine Fluorescence enhancement 155 
β-Cyclodextrin-CdSe@ZnS QDs Anthracene Fluorescence enhancement 156 
β-Cyclodextrin-CdSe@ZnS QDs p-nitrophenol Fluorescence quenching 157 
β-Cyclodextrin-CdSe QDs H2PO4- Fluorescence quenching 158 
aβ-Cyclodextrin-CdTe-RB QDs Amantadine FRET 159 
1,10-diaza-18-crown-6- QDs Cd2+ Fluorescence enhancement 160 
Pyridyl-Por-CdSe@ZnS QDs Zn2+ Fluorescence enhancement 161 
Mn, Fe, Co-TetraphenylPor-CdSe 
QDs 
Nitric Oxide Fluorescence quenching 162 
aRB = Rhodamine B. 
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It was proposed that the binding of the ammonium cation of acetycholine with 
calixarene was responsible for the quenching of the fluorescence of the sensor [152]. 
The fluorescence enhancement effect of calix[4]arene coated QDs in the presence of 
anthracene was reported to be due to the ability of anthracene to induce ordered 
orientation by enhancing the conformational rigidity of the surface substituent and 
thereby suppressing the quenched fluorescence [154]. Cyclodextrins are also well 
known for forming inclusion complexes with several analytes due to their unique 
hydrophilic external surface and hydrophobic internal cavity [163]. It has been 
reported that the fluorescence enhancement detection of anthracence using β-
cyclodextrin modified CdSe@ZnS QDs was attributed to the formation of an efficient 
and new radiation path involving the modified anthracene-QDs system [156]. The 
sensing of p-nitrophenol using β-cyclodextrin coated CdSe@ZnS QDs has been 
reported to occur through electron transfer [157]. The electron transfer process was 
made possible, provided that p-nitrophenol binds directly to the receptor sites and 
thereby act as an electron transfer quencher of the fluorescence of the QD [157].  
Two differently-sized 15-crown-5 coated CdSe@ZnS QDs were synthesized and 
employed as a sensor for K+ [149]. It was demonstrated that upon addition of K+, the 
two neighbouring QDs were bridged by a sandwich complex between K+ and 15-
crown-5, which resulted in the two QDs coming together in close proximity and thus 
engaging in FRET [149]. Also, the detection of Cd2+ using 1,10-diaza-18-crown-6 
modified CdS:Mn@ZnS QDs was reported to occur via blocking of the electron 
transfer processes between the ligand and the QD owing to the complex formation 
between 1,10-diaza-18-crown-6 and Cd2+ [160]. 
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Porphyrins belong to the class of heterocylic macrocyles that are characterized by the 
presence of pyrole subuints which are interconnected at the α carbon atoms through 
methine bridges [164]. They are known to bind strongly onto the surface of QDs and 
thus can influence the optical properties of the QDs towards analyte sensing [165]. A 
classical example is the reported fluorescence enhancement sensor for Zn2+ using 
pyridyl porphyrin coated CdSe QDs [161], Table 1.2. The sensing mechanism was 
demonstrated to be due to the coordination of Zn2+ with the nitrogen from the 
pyridyl or pyrole rings [161]. 
The above discussions highlights some of the recent fluorescence sensing systems 
based on the coating or conjugation of macrocyclic compounds onto the surface of 
QDs prior to our own approach of incorporating phthalocyanines into the family of 
macrocyclic compounds bonded onto the surface of QDs for analyte sensing.  
 
Sub-aim of the Thesis 
It is important to note that MPcs have a similar structure to the porphyrins and have 
never been conjugated onto the surface of QDs for fluorescence sensing. Pcs are 
more stable than porphyrins and hence are employed in this work. We report for the 
first time in this work the design and applications of MPc-conjugated QDs as 
luminescent sensor for analyte sensing. Also, an attempt was carried out for the first 
time by conjugating the QDs to an organic radical (4AT) for use as a luminescent 
probe for ion sensing. 
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1.4.     Analytes detected in this work 
The analytes detected in this work are of the family of reactive oxygen species (ROS), 
metals ion, halides and amino thiol compounds. Their biological importance is 
summarized below. 
 
1.4.1.   Reactive oxygen species  
Oxygen, while undoubtedly essential for life, can also pose destructive effects in 
tissue and/or impair its ability to function normally [166]. ROS such as hydrogen 
peroxide (H2O2), hydroxyl radical (●OH), peroxynitrite anion (ONOO-), superoxide 
anion radical (O2●-) and t-butylhydroperoxide (TBHP) are products of normal 
cellular metabolism. Based on estimation, it is reported that an average person has 
around 10,000 – 20,000 ROS attacking each cell body per/day [167]. In some cases, 
ROS are produced in the body to serve specific biological functions while in other 
cases they are produced as by-products of metabolic processes [168]. Excessive 
production of these species in the body is known to induce age-dependent diseases 
such as arteriosclerosis, cancer, neurodegenerative disorders, oxidative stress and 
arthritis [169]. Therefore, there is a need to develop probes capable of detecting ROS 
with high specificity. 
Despite, the numerous analytes that have been detected using QDs, the utilization of 
QDs using fluorescence technique as a sensitive and selective probe for the detection 
of ROS has been less explored. Hence, novel probes for the detection of ROS are 
explored in this work. 
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1.4.2. Metal ion and halides 
Several metal ions pose severe risk to human lives. It is for this reason that a 
selection of metal ions has been detected using CdTe-based QDs (Table 1.1) but not 
QDs-MPc conjugates. In this work, QDs-based probes for fluoride ion, bromide ion 
and mercury ion were developed.  
Detection of fluoride ion is important since its excessive intake is of pathological 
concern and it could induce kidney and gastric disorder as well as dental and 
skeletal fluorosis [170,171]. It has also been reported that brominated organic 
compounds were more toxic and mutagenic when compared with chlorinated ones 
[172-174]. Alternatively, the toxicity of mercury in natural waters is a global concern 
[175], hence, its detection is of interest. 
The design of a QD-based probe for Br- is reported in this work for the first time. The 
use of QD-MPc probes for the detection of F- and Hg2+ are also reported here for the 
first time. 
 
1.4.3.   Amino thiol-containing compounds  
QDs probes for amino thiol-containing compounds of cysteamine and L-glutathione 
(GSH) were developed in this work. Cysteamine is of interest because its 
developmental and reproductive safety is an important concern for children 
suffering from cystinosis [176]. GSH, a known tripeptide, is present in cells of many 
organisms and its ratio to disulphide is employed as a means for monitoring cellular 
oxidative stress [177], hence, its detection of paramount interest. Also, both have not 
been detected before using QDs-MPc conjugates. 
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1.5. Summary of aims of thesis 
The aims of this thesis are summarized below: 
1. Synthesis and characterization of semiconductor thiol-capped QDs. 
2. Synthesis and spectroscopic characterization of MPc complexes. 
3. Covalent linking of QDs to MPc complexes and subsequent characterization of 
the conjugate system. 
4. Design and application of QDs (alone) as fluorescence sensor for analyte sensing. 
5. Design and application of QDs-MPc and its related nanoconjugate as 
fluorescence sensor for analyte sensing.  
6. Investigation of the efficiency of core and core-shell QDs (alone) towards analyte 
sensing (a comparative study). 
7. Investigation of the effect of central metals on the Pc ring on the overall sensor 
sensitivity. 
8. Investigation of the effect of ring substituents on the Pc ring on the overall sensor 
sensitivity. 
9. Investigation of the efficiency of phthalocyanine and other macrocyclic 
compound (triazatetra-benzcorrole) towards analyte sensing (a comparative 
study). 
10. Elucidation of the reaction mechanism of QDs-MPc probes towards analyte 
sensing. 
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2.     EXPERIMENTAL 
This chapter provides information on the materials, instrumentation and synthetic 
procedures used in this work. 
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2.1.     Materials 
2.1.1.     QDs synthesis  
Thioglycolic acid (TGA), mercaptopropionic acid (MPA), L-glutathione (GSH), 
cadmium chloride hemi-pentahydrate, tellurium powder (200 mesh), sodium 
borohydride, cadmium oxide, selenium powder, vegetable oleic acid, 1-octadecene  
and trioctylphophine oxide (TOPO) were obtained from Sigma-Aldrich.. 
 
2.1.2.     MPc synthesis and conjugation to QDs 
Mercaptosuccinic acid (MSA), trifluoroacetic acid (TFA), 1,2-dicyanobenzene, 
aluminium chloride, urea, sodium sulphide, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were obtained from Sigma-
Aldrich. 4-Nitrophthalic acid, ammonium chloride and ammonium molybdate were 
obtained from SAARCHEM. 
 
2.1.3.     Solvents and other reagents 
Methanol, acetone, tetrahydrofuran (THF), dimethylformamide (DMF), ethanol, 
ethylenediaminetetraacetic acid (EDTA) and L-ascorbic acid, dulbecco’s modified 
Eagle medium (DMEM), di-sodium hydrogen phosphate, 4-amino-2,2,6,6-
tetramethylpiperidine-N-oxide (4AT) and dimethyl sulfoxide (DMSO) were obtained 
from Sigma-Aldrich. 
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2.1.4.     Analytes 
L-Cysteine, cysteamine, 2,2-diphenyl-1-picrylhydrazyl (DPPH●), hydrogen peroxide , 
t-butyl hydroperoxide (TBHP) were obtained from Sigma-Aldrich. Tris (hydroxyl 
methyl) amino methane, ferrous ammonium sulphate, sodium nitrite, sodium 
fluoride, sodium hydroxide, hydrogen chloride, manganese dioxide  and salts of 
different ions: sodium chloride, calcium chloride, potassium chloride, aluminium 
chloride, iron (III) chloride, manganese chloride, chromium chloride, nickel chloride 
hexahydrate, zinc chloride, sodium nitrate, sodium sulphate, sodium sulphite, 
sodium acetate, sodium carbonate, potassium chloride, ammonium fluoride and 
potassium bromide  were obtained from SAARCHEM. Sodium perchlorate hydrate 
was obtained from BDH chemicals.  
 
All chemicals were of analytical grade and used without prior purification. All 
solutions were prepared with ultra pure water of resistivity 18.2 m which was 
obtained from a Milli-Q Water System (Millipore Corp. Bedford, MA, USA). All 
other reagents were obtained from commercial suppliers and used as received. The 
experimental buffer solutions used in this work are: 50 mM Tris-HCl pH 7.4 and 10 
or 50 mM phosphate buffer solution (PBS), pH 7.4, 9.4 and 12 (depending on the 
analyte). The pH was adjusted by addition of 0.1 M NaOH or HCl.    
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2.2.     Instrumentation 
1. Emission spectra were recorded on a Varian Eclipse spectrofluorimeter. The slit 
width (each 5 nm) was kept constant for all the experiments. 
2. Ground state electronic absorption spectra were recorded on a Shimadzu UV-Vis 
2550 spectrophotometer in the range 300-800/900 nm. 
3. X-ray powder diffraction patterns were recorded using a Cu kα radiation (λ = 
1.5405 Å, nickel filter), on a Bruker D8 Discover equipped with a proportional 
counter. Scanning was at 10 min-1 with a filter time-constant of 2.5 s per step and 
a slit width of 6.0 nm. The data were obtained in the range from 2θ = 5o to 60o. A 
zero background silicon wafer slide was used for sample placement. The X-ray 
diffraction (XRD) data analysis was carried out using Eva (evaluation curve 
fitting) software. Subtraction of spline fitted to the curved background was used 
for baseline correction of each diffraction pattern and the full-width at half 
maximum values was obtained from the fitted curve. 
4. A Metrohm Swiss 827 pH meter was used for pH measurements. 
5. FT-IR spectra were obtained on a Perkin-Elmer spectrum 100 with universal 
attenuated total reflectance (ATR) sampling accessory. 
6. Thermal gravimetric analysis (TGA) were recorded on a Shimadzu DTG-TG 60H 
with a gas flow of 120 ml/min and operated under nitrogen atmosphere. 
7. Transmission electron microscopy (TEM) images were obtained using a Zeiss 
Libra TEM 120 model operated at 90 kV.   
8. Energy dispersive spectroscopy (EDS) was carried out using an INCA PENTA 
FET coupled to a VAGA TESCAN using a 20 kV accelerating voltage. 
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9. 1H nuclear magnetic resonance signals were recorded on a Bruker AMX 400 MHz 
NMR spectrometer or a Bruker Advance II+ 600 MHz NMR spectrometer. 
10. Mass spectral data were collected with a Bruker AutoFLEX III Smart beam 
TOF/TOF Mass spectrometer. The spectra were acquired using α-cyano-4-
hydroxycinnamic acid as the MALDI matrix, and a 355 nm Nd:YAG laser as the 
ionizing source. 
11. Elemental analyses were carried out on a Vario EL III MicroCube CHNS 
instrument analyzer. 
12. Fluorescence lifetime measurements were carried out using a time correlated 
single photon counting (TCSPC) setup (FluoTime 200, Picoquant GmbH). The 
excitation source was a diode laser (LDH-P-C-485 with 10 MHz repetition rate, 88 
ps pulse width). Fluorescence was detected under the magic angle with a peltier 
cooled photomultiplier tube (PMT) (PMA-C 192-N-M, Picoquant) and integrated 
electronics (PicoHarp 300E, Picoquant GmbH). A monochromator with a spectral 
width of about 4 nm was used to select the required emission wavelength band. 
A scattering Ludox solution (DuPont) was used to measure the response function 
of the system and had a full width at half maximum (FWHM) of about 280 ps. To 
obtain good statistics, the ratio of stop to start pulses was kept low (below 0.05). 
Measurement of the entire luminescence decay curve (range 0 to 200 ns) was at 
the maximum of the emission peak. Data analysis was done using the program 
Fluofit (Picoquant GmbH). Estimation of the decay error times was carried out 
using the support plane approach. 
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13. Electron paramagnetic resonance (EPR) measurements were carried out using a 
Bruker EMX Plus EPR spectrometer, model number: EMP-9.5/12B/P. EPR 
settings were 0.632 mW for the microwave power, frequency 9.714 GHz, 
resolution 1024 points, centre field 3460 G and 100 G for the sweep width.   
14. Gaussian 03 program using an Intel/Linux cluster was used for density 
functional theorem (DFT) calculations [178]. 
 
2.3.     Synthesis of QDs 
2.3.1.     Synthesis of TGA, MPA and GSH–capped CdTe QDs 
Briefly, TGA, MPA and GSH-capped CdTe QDs were prepared via a procedure from 
the literature with some slight modifications [179,180] as follows: in a three-necked 
flask, 0.85 g (6.8 mmol) tellurium powder and 0.53 g (14.1 mmol) sodium 
borohydride were mixed with 20 ml of ultrapure Millipore water. The flask was 
fitted with a septum and the solution deaerated with argon gas and cooled by ice. 
After 8 h, white sodium tetra borate precipitate was formed at the bottom of the flask 
and the black Te powder fully disappeared, resulting in the formation of the clear 
supernatant NaHTe which was separated from the solution and was used as the Te 
precursor for QDs preparation. The QDs were grown by dissolving 1.0 g (4.4 mmol) 
CdCl2.2.5H2O and 0.92 mL (11.7 mmol) TGA or 1.0 mL (11.5 mmol) MPA or 1.84 g (6 
mmol) reduced GSH in ultrapure Millipore water (200 ml). The pH was adjusted to 
11 with 1 M NaOH. Freshly prepared NaHTe solution was injected into the N2-
saturated precursor solution. The molar ratio used in our experiment were 
Cd:Te:TGA (1:1.5:2.7), Cd:Te:MPA (1:1.5:2.6) and Cd:Te:GSH (1:1.5:1.4) repectively. 
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To obtain QDs of different sizes, aliquots of the reaction mixture were taken at 
different time intervals for emission and absorption measurements. The resulting 
products were precipitated with ethanol and the unreacted precursors that did not 
participate in the reaction were removed via centrifugation at 3000 rpm. The 
resultant precipitate was re-precipitated with ethanol more than 3 times and dried 
under vacuum and kept in the dark for further use. 
 
2.3.2.     Synthesis of MPA and GSH-capped CdTe@ZnS QDs 
The synthesis of CdTe@ZnS QDs was as reported before [181] with slight 
modifications. Briefly, 100 mg of purified TGA-CdTe QDs was added to 100 ml 
aqueous solution (pH = 8) containing 2 mmol ZnCl2 and the capping ligands (4 
mmol GSH or 4 mmol MPA). GSH or MPA were used as both the capping agent and 
sulphur source for the growth of ZnS shell on the respective CdTe cores. The 
solutions were heated to 100 oC in open-air and refluxed with time to control the 
sizes of the core-shell QDs. Aliquots of each reaction mixture were taken at different 
time intervals for emission and absorption measurements. The core-shell QDs were 
precipitated with ethanol, centrifuged and dried under vacuum.  
 
2.3.3.     Synthesis of MPA and GSH-capped CdSe@ZnS QDs 
GSH and MPA-capped CdSe@ZnS QDs were synthesized via previously described 
methods [182,183] but with modifications. Briefly, 1.3 g (10.1 mmol) of CdO was 
added to a mixture of 30 mL oleic acid and 50 mL of octadecene in a three-necked 
flask. The solution was heated to ~260 oC under reflux and maintained under N2 
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atmosphere to obtain a clear solution. The temperature of the solution was then 
lowered to 230 oC and a solution of Se powder (0.3 g (3.8 mmol) and 0.1 M TOPO in 
25 ml of octadecene which was stirred for 24 h to obtain a homogeneous slurry 
under N2 atmosphere) was added to the flask. The size of the core CdSe QDs was 
controlled by further lowering the temperature of the solution. Once the desired size 
of core CdSe QDs was obtained, solutions of Zn powder (0.407g, 6.2 mmol) in 20 ml 
oleic acid and 30 ml octadecene and 0.16 g (5.0 mmol) of sulphur powder dissolved 
in 20 ml oleic acid and 30 ml octadecene were alternatively injected into the TOPO-
capped CdSe QDs solution to obtain the TOPO-capped CdSe@ZnS QDs. The QDs 
were then purified with the addition of methanol followed by acetone. The TOPO-
capped CdSe@ZnS QDs are hydrophobic and therefore not suitable for aqueous 
analyte detection. 
Water soluble MPA and GSH-capped CdSe@ZnS QDs were obtained via ligand 
exchange route. Firstly, MPA-KOH and GSH-KOH methanolic stock solution were 
prepared by adding 2 mL (23.0 mmol) of MPA or 2 g (6.5 mmol) of GSH separately 
to 3.0 g of KOH in 40 ml methanol. The purified TOPO-capped CdSe@ZnS QDs were 
then re-dispersed in chloroform and MPA-KOH or GSH-KOH methanolic solution 
was subsequently added followed by the addition of Millipore water. The solution 
was allowed to stir for 1 h. The obtained water-soluble QDs were precipitated out 
with methanol, washed and centrifuged several times with acetone and dried under 
vacuum. 
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2.4.     Synthesis of peroxinitrite anion 
ONOO- (an analyte detected in this work) was prepared by the method described 
previously in literature [184]. Briefly, an aqueous solution containing freshly 
prepared 50 mM H2O2 (10 mL) and 50 mM NaNO2 (10 mL) were cooled on ice for 30 
min. The solution was then mixed vigorously and 1 mM of pre-cooled HCl (10 mL) 
was added followed immediately by addition of pre-cooled 1.5 mM NaOH (5 mL) to 
quench the reaction. The solution was stirred for 30 min, and some MnO2 powder (2 
g) was added to the reaction mixture to remove excess H2O2. Afterwards, the 
mixture was filtered and the solution containing ONOO- was stored at -20 o C. The 
concentration of ONOO- was determined from its absorbance at 302 nm (ε302 =1670 
M-1 cm-1) [185].  
 
2.5.     Synthesis of phthalocyanine and related benzcorrole 
2.5.1.     Synthesis of symmetrical tetra-amono MPc derivatives 
Symmetrical tetra-substituted MPc used in this work, are not new, hence, details are 
not provided. The synthesis of metal-free tetra-amino phthalocyanine (H2TAPc), 
AlTAPc (1), CoTAPc (2), NiTAPc (3), and ZnTAPc (4) was followed based on 
previously described method reported in literature [140]. 
 
Unsymmetrical substituted MPc used in this work were synthesized for the first time 
and it is thus described below. 
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 2.5.2. Synthesis of aluminium mono-amino phthalocyanine (Scheme 3.1 
(Cl)AlMAPc(5)) 
The preparation of 4-nitrophthalonitrile has previously been described [186]. 
Compound 9 was synthesized as follows:  a mixture of 4-nitrophthalonitrile (0.25 g, 
1.4 mmol) and 1,2-dicyanobenzene (0.55 g, 4.3 mmol) was loaded into a 3-necked 
round bottom flask and aluminium chloride (0.45 g, 3.4 mmol), DMF (10 ml) and 
0.60 g, 10 mmol of urea were added. The reaction was heated up to 180 oC under 
argon atmosphere for 1 h and allowed to proceed for the next 24 h under a reduced 
temperature of 110 oC with vigorous stirring. The complex was precipitated out with 
methanol (MeOH) and washed repeatedly using centrifugation with 1 M HCl 
solution and dried. The product was then purified using silica gel column using 
MeOH:THF (2:1) solvent mixture as eluent. The desired product was eluted with 
DMF. Yield: 0.12 g, (54%). UV-Vis (DMF): λmax (nm)(log ε) 670(4.06), 605(3.21), 
338(3.63). IR [(ATR) νmax/cm-1] 1568 (NO2 assym.), 1332 (NO2 sym.), 1076 – 1119 (C-
N), 727 (Al-N). 1H NMR (DMSO-d6): δ, ppm 9.44-9.66 (6H, m, Ar-H), 8.11-8.52 (8H, 
m, Ar-H), 7.88-8.05 (1H, m, Ar-H). Anal. Calc. for C32H15N9O2ClAl.5H2O: C, 54.12; H, 
3.52; N, 17.76. Found: C, 54.57; H, 3.66; N, 17.16. MALDI-TOF-MS m/z: Calc: 619.48. 
Found: 621.77 [M+3]+ for C32H15N9O2ClAl. 
AlMAPc (5) was prepared by reducing the nitro group of compound 9 using 
Na2S.9H2O. Briefly, 0.75 g (3.1 mmol) of Na2S.9H2O was dissolved in 40 mL of water 
and 0.10 g (0.16 mmol) of compound 9 was added and the mixture allowed to stir for 
24 h at room temperature. The solid product was separated and washed with 1 M 
HCl solution, acetone and diethyl ether. The product was further purified using a 
Phenomenex C18 Sep-Pak column using MeOH:THF (2:1) solvent mixture as eluent. 
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Yield: 0.02 g (9%). UV-Vis (DMF): λmax (nm)(log ε) 674(4.73), 610(4.00), 352(4.39). IR 
[(ATR) νmax/cm-1] 3387 (NH2 stretch), 1671 (NH bend), 1065 – 1188 (C-N), 843 (C-H 
stretch), 723 (Al-N). 1H NMR (DMSO-d6): δ, ppm 9.69-9.72 (7H, m, Ar-H), 8.46-8.59 
(7H, m, Ar-H), 7.96 (1H, s, Ar-H). Anal. Calc. for C32H17N9ClAl.6H2O: C, 55.05; H, 
4.16; N, 18.07. Found: C, 55.82; H, 3.53; N, 17.62. MALDI-TOF-MS m/z: Calc: 589.48. 
Found: 589.84 [M+1]+ for C32H17N9ClAl. 
 
2.5.3.    Synthesis of aluminium mono-amino phenoxy phthalocyanine (Scheme 3.2 
(Cl)AlMAPPc(6)) 
Compound 10 has previously been synthesized and reported [147]. The synthesis of 
compound 6 was the same for 9 except that compound 10 (0.5 g 2.1 mmol) and 1,2-
dicyanobenzene (0.8 g, 6.4 mmol) were employed. The solid product was separated 
and washed with 1 M HCl solution, acetone and diethyl ether. The product was then 
purified using Phenomenex C18 Sep-Pak column. A solvent mixture of DMF:THF 
(10:1) containing a few drops of TFA was used to elute the desired product. Yield: 
0.06 g (17%). UV-Vis (DMF): λmax (nm)(log ε) 673(4.66). 606(3.89), 345(4.19).  IR 
[(ATR) νmax/cm-1] 3043 (NH2 stretch), 2927 (C-H), 1661-1601 (NH bend), 1496 (C=C), 
1361 (C-O-C), 1009 – 1090 (CN), 832 (C-H stretch), 719 (Al-N). 1H NMR (DMSO-d6): 
δ, ppm 9.42-9.62 (2H, m, Ar-H), 8.98-9.33 (4H, m, Ar-H), 7.97-8.56 (11H, m, Ar-H), 
7.69-7.74 (2H, d, Ar-H). Anal. Calc. for C38H21N9OClAl: C, 66.91; H, 3.08; N, 18.49. 
Found: C, 67.65; H, 2.66; N, 18.20.  MALDI-TOF-MS m/z: Calc: 681.48. Found: 687.23 
[M+6]+ for C38H21N9OClAl.   
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2.5.4.  Synthesis of nickel mono-mercaptosuccinic acid phthalocyanine and  
benzcorrole  
2.5.4.1.     Synthesis of 4-mercaptosuccinic acid phthalonitrile (Scheme 3.3 (11)) 
Compound 11 was synthesized by reacting 4-nitro phthalonitrile (1.5 g, 8.4 mmol) 
and mercaptosuccinic acid (1.2 g, 8.0 mmol) in 15 mL of dry DMSO at room 
temperature under Ar atmosphere for 30 min. After this time, K2CO3 (4.6 g, 33.3 
mmol) was added portion wise for 2 hr. The reaction was allowed to stir and react 
for 24 h after which the product was washed several times with acetone, chloroform 
and diethyl ether. 
Yield: 2.3 g, (96%). IR [(ATR)νmax/cm-1] 3324 (νOH), 2235 (νC=N), 1541-1650 (νC=O), 1345 
(νC-O), 951 (νC-S-C). 1H NMR (DMSO-d6): δ, ppm 10.00 (1H, s, carboxy-H), 9.90 (1H, s, 
carboxy-H), 8.14 (3H, s, Ar-H), 4.02 (1H, s, methine-H), 2.50 (2H, s, methylene-H). 
 
2.5.4.2. Synthesis of nickel mono-mercaptosuccinic acid triazatetra-benzcorrole 
(Scheme 3.3 (NiMMSATBC (7)) 
A mixture of NiCl2.6H2O (0.34 g, 1.44 mmol), 4-mercaptosuccinic acid phthalonitrile 
(11) (0.25, 0.90 mmol), 1,2-dicyanobenzene (0.35 g, 2.7 mmol) and urea (0.30 g, 5 
mmol) were stirred under Ar atmosphere in 20 mL of DMF at 180 oC for 1 h. After 
this time, the reaction temperature was lowered to 100 oC and the reaction was 
allowed to continue for 24 h. After cooling, the crude solution was washed 
sequentially with acetone, dichloromethane, hexane, THF:ammonia (1:1), 
chloroform:acetone (1:1) and diethylether. The desired product was then further 
purified using a Phenomenex C18 Sep-Pak column with a solvent mixture of 
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chloroform:MeOH (2:1) to remove the undesired product followed by DMF:THF 
(10:1) with few drops of TFA to elute the desired complex.  
Yield: 0.013 g (8%). UV-Vis (DMSO): λmax (nm)(log ε) 673(4.11), 623(3.71), 598(3.66), 
456(3.93), 404(3.93). IR [(ATR) νmax/cm-1] 3197 (νOH), 1532-1666 (νC=O), 1429 (νC-OH), 
1334 (νC-O), 916 (νC-S-C), 755-800 (Ni-N). Anal. Calc. for C36H21N7O4SNi.2H2O: C, 58.24; 
H, 3.37; N, 13.21. Found: C, 57.91; H, 3.24; N, 14.98. MALDI-TOF-MS m/z: Calc: 
705.79. Found: 706.44 [M]- for C36H21N7O4SNi. 
 
2.5.4.3.   Synthesis of nickel mono-mercaptosuccinic acid phthalocyanine (Scheme 
3.3 (NiMMSAPc (8)) 
The synthesis and purification of 8 was the same for 7 except that the amount of urea 
used was 1.20 g (20 mmol). The amount of all other reagents used was the same as 
that used for 7. The desired product was eluted using a Phenomenex C18 Sep-Pak 
column with methanol:DMF (20:1) and few drops of TFA as eluent. Yield: 0.015 g 
(9%). UV-Vis (DMSO): λmax (nm)(log ε) 672(4.70), 623(4.50), 588(4.45), 369(4.68). IR 
[(ATR) νmax/cm-1] 3024 (νOH), 1584-1649 (νC=O), 1483 (νC-OH), 1332 (νC-O), 956 (νC-S-C), 
752-828 (Ni-N). Anal. Calc. for C36H21N8O4SNi.H2O: C, 58.55; H, 3.12; N 15.18. Found: 
C, 58.54; H, 3.23; N, 15.35. MALDI-TOF-MS m/z: Calc: 719.79. Found: 720.31 [M]- for 
C36H21N8O4SNi. 
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 2.6.     Conjugation 
The conjugation procedures described in this section were performed and optimized 
in separate batches for specific detection of the analytes. 
 
2.6.1.    Conjugation of QDs to Pcs (1 – 6) (Scheme 3.4)  
The method employed in this work was based on standard procedure described 
previously in literature for linking Pcs to QDs via an amide bond [187,188] but with 
some slight modification. Briefly, to a solution of QDs (10 mg or 15 mg or 20 mg, 
depending on the type) in PBS pH 7.4 buffer was added 1 mL of 0.1 M EDC (in 
water) to activate the carboxylate group of the QDs. The mixture was then stirred for 
30 min – 2 h at room temperature, after which a mixture of 0.1 M NHS (in water) and 
2 x 10-6 M of H2TAPc, 1, 3 or 4 in DMF:PBS pH 7.4 (3:2, , v/v), 8.1 x 10-6 M of 2 in 
DMF:PBS pH 7.4 (3:1, v/v) and 3.0 x 10-5 M of 5 and 6 in DMF:PBS pH 7.4 (5:1, v/v) 
were added and the stirring continued for 24 h. The resulting linked QDs-MPc 
conjugates were precipitated out from solution by the addition of ethanol and 
centrifuged repeatedly to remove free QDs and also washed repeatedly with DMF to 
remove free MPc. The QDs-MPc colloid is not soluble in the two solvents. The 
obtained QDs-MPc nanoconjugates were soluble in PBS buffer as a colloidal 
solution. 
 
2.6.2. Conjugation of GSH-CdTe QDs to 4AT (Scheme 3.5) 
GSH-CdTe QDs was conjugated to 4-amino-2,2,6,6-tetramethylpiperidine-N-oxide 
(4AT) for the fluorescence detection of bromide ion. The method employed in this 
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work is an adaptation of the procedure described in reference [114], but with some 
slight modification. Briefly, excess of EDC and NHS (1 mL each of 0.l M solution) 
were added to a solution of colloidal CdTe QDs in ultrapure millipore water to 
activate the carboxylate group on the QDs. The mixture was then stirred for 2 h at 
room temperature with continuous gentle stirring. A solution of 3.9 x 10-3 M of 4AT 
was then added to the activated QDs and stirred at RT under argon flow for 24 h 
with continuous gentle stirring. The resulting QDs-4AT conjugate was precipitated 
out from solution to remove free 4AT and other unreacted molecules by the addition 
of ethanol followed by centrifuged at 3500 rpm for 10 min and drying under vacuum 
overnight. The resulting conjugate is represented as QDs-4AT. 
 
2.6.3.    Conjugation of GSH-CdSe@ZnS QDs to NiMMSATBC or NiMMSAPc 
GSH-CdSe@ZnS QDs was conjugated to NiMMSATBC (7) and NiMMSAPc (8). The 
method followed is the same as described in section 2.6.2, except that EDC was used 
to activate the carboxylic groups of 7 and 8. A solution of 10 mg of the QDs was 
dissolved in PBS pH 7.4 and 8.3 x 10-5 M of 7 and of 5.7 x 10-5 M 8 were dissolved in 
DMSO:H2O (3:2, v/v) for conjugation. The purification steps were the same as 
described in section 2.6.2., except that methanol was employed to remove 
unconjugated QDs. The obtained QDs-MPc or QDs-TBC conjugates were soluble in 
PBS buffer as a colloidal solution. 
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2.7.    Procedures for the preparation of solutions for fluorescence 
detection 
2.7.1.     DPPH● 
QDs were mixed with a known concentrations of 2,2-diphenyl-1-picrylhydrazyl free 
radical (DPPH●). DPPH● has limited solubility in aqueous solution. Hence, this 
solvent mixture was employed to improve solubility. The fluorescence spectra of the 
QDs were recorded under an excitation wavelength of 400 nm. The working 
solutions were stirred vigorously prior to fluorescence measurements and all 
measurements were conducted at room temperature. 
 
2.7.2.     Hydroxyl radical 
HO● radicals were generated from Fe2+-EDTA/H2O2/ascorbic acid Fenton hybrid 
system that mimics the production of ●OH for biological foot-printing of proteins 
[189] and were immediately added to a fluorescence cell containing colloidal 
solution of QDs in Tris-HCl buffer (50 mM) pH 7.4 (total volume = 3 mL). The 
solution was stirred vigorously for few seconds and the fluorescence measurement 
was taken afterward. 
 
2.7.3.     Peroxynitrite anion 
As reported before [190], ONOO- is unstable around neutral pH and decomposes 
rapidly (t½ < 1 sec) by protonation to its conjugate acid; peroxynitrous acid 
(ONOOH). The later rapidly isomerizes to nitrate by a first-order decay, and thus 
making the detection of ONOO- difficult. However, at alkaline pH, ONOO- is 
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relatively stable with a much longer half life. Moreover, in vivo and in vitro studies 
have shown that ONOO- is best detected in human serum at pH 9.2 [191], Hela cells 
at pH 9.4 [192] and other sensors for ONOO- has been developed at pH 10.5 [193], 
pH 11.5 and 12 respectively [194]. Thus, we studied the spectrofluorimetric detection 
of ONOO- by comparing two different pHs; 9.4 and 12 using 50 mM phosphate 
buffer solution. Phosphate buffer was chosen because it has previously been 
reported not to interfere in ONOO- reactions. Other commonly known buffers such 
as Tris and HEPES have been reported to react with ONOO- leading to secondary 
radical intermediates and ●NO-donors [195]. In a separate set of vials containing 3 ml 
of selected QDs in buffer solution, varying concentrations of ONOO- were added 
and the mixture was shaken for a few seconds before taking the fluorescence 
measurements. The excitation wavelength was set at 400 nm. 
 
2.7.4.     Superoxide anion 
Firstly, superoxide anion O2●- was generated in alkaline DMSO according to 
literature methods [196,197], and was stable for about 24 h [198]. The concentration 
of O2●- was determined according to its molar absorptivity (20061 M-1 cm-1 at 271 nm) 
in DMSO [197,198]. The selected nanoconjugates were dissolved in DMF:PBS pH 7.4 
(3:1) and ultrasonicated for 15 min to disperse the colloidal nanoconjugates after 
which various concentrations of O2●- were added. All the steps for fluorescence 
measurements with the O2●- were performed sequentially. It was observed that in the 
presence of O2●-, the enhancement of the fluorescence of the QDs in the conjugate 
was dependent on time. Hence, the colloidal mixture was allowed to equilibrate for 
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30 min before recording the fluorescence signal for each concentration of O2●-. All 
measurements were recorded at room temperature.  
 
2.7.5.     Detection of the rest of the analytes 
All fluorescence measurements were conducted under the same conditions. The QDs 
or nanoconjugates were dissolved in pH 7.4 buffer and ultrasonicated for 15 min to 
disperse the colloidal solution which was then allowed to stabilize for 5 to 60 min, 
depending on the conjugate solution. The solution containing the analytes and 
conjugates were mixed thoroughly and allowed to equilibrate for approximately 5 - 
15 min (depending on the analyte) before taking the fluorescence measurements. The 
equilibration period was needed in order to obtain a stable fluorescence signal and 
homogeneous solution. The concentrations of analytes employed will be presented 
in figure captions for the detection of each analyte in chapter 4, 5 and 6. 
 
2.7.6.     Detection of fluoride ion in real samples 
The detection of F- ion in real samples was carried out in cell culture medium 
(Dulbecco’s modified Eagle medium, DMEM) and tap water. Both were spiked with 
a known concentration of F- ion and aqueous solution of QDs-6 nanoconjugate (as an 
example) was employed to detect the analyte. Tap water was freshly collected from 
the laboratory and filtered through a 0.22 µM membrane filter before spiking with F-. 
The concentration of F- in DMEM and tap water was evaluated by comparing the 
resulting fluorescence enhancement response (from DMEM and tap water samples) 
with the linear regression plots obtained for F- detection in PBS buffer. 
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2.8.     Fluorescence quantum yields  
Fluorescence quantum yield of the QDs were determined by the comparative 
method, according to Eq. 2.1 [199]: 
    Φ       
              
 
              
  
                                                                                                      
where A and AStd are the absorbance of the sample and reference standard at the 
excitation wavelength respectively. F and FStd are the areas under the fluorescence 
curve of the QDs and the standard, respectively and n and nStd are the refractive 
indices of the solvent used for the sample and standard, rhodamine 6G in ethanol 
having a ΦF = 0.94 [200] was used as the reference standard. The excitation 
wavelength for both the sample and standard was 400 nm and the absorbance was in 
the range of 0.05 and 0.1.  
The fluorescence quantum yield of the QDs in the conjugates (      
         
) were 
calculated according to Eq. 2.2: 
      
                 
   
         
   
                                                                                                                        
       represents the fluorescence quantum yield of the QDs alone, and was used as 
the standard.    
         
 is the fluorescence intensity of the QDs in the conjugated 
form and     is the fluorescence intensity of the QD alone. 
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RESULTS AND DISCUSSIONS 
3.     Synthesis and characterization 
4.     Dectection of analytes using QDs alone 
5.     Fluorescence detection of analytes using QDs-4AT 
6.     QDs-MPc conjugates for analyte detection 
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3.     SYNTHESIS AND CHARACTERIZATION 
This chapter reports on the synthesis and characterization of QDs, MPcs and QDs-
MPc conjugates. 
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3.1.     QDs 
Thiol-capped QDs employed in ths work were synthesized via the hydrothermal 
and organometallic synthetic routes. For the former, water soluble and highly 
luminescent CdTe or CdTe@ZnS QDs were formed by mixing NaHTe (formed from 
the reaction of NaBH4 and Te) with cadmium precussors in the presence of capping 
agents (TGA, MPA or GSH) and subsequently coating with ZnS shell to form the 
corresponding core-shell QDs. The reaction time and temperature were controlled to 
obtain the desired QDs size. To remove excess surfactant, the QDs were purified by 
mixing with an excess amount of ethanol followed by centrifugation. 
It is widely known that CdSe@ZnS QDs remain among the widely used QDs for 
biological applications [41]. However, to obtain high quality mono-dispersed QDs, 
they are usually synthesized via the organometallic route, which utilizes high 
temperature coordinating precursors. In this work, the as-synthesized CdSe@ZnS 
QDs were firstly capped with trioctylphophine oxide (TOPO) which gives 
hydrophobic QDs that are unsuitable for biological applications. Ligand exchange 
with MPA or GSH (which exhibit terminal carboxylic groups) was carried out to 
obtain water-soluble CdSe@ZnS QDs. Table 3.1 shows the list of QDs employed in 
this work.  
 
3.1.1.     XRD measurements 
X-ray powder diffraction (XRD) was employed to provide useful information about 
the crystal structure and size of QDs used in this work, Fig. 3.1 shows the XRD 
patterns of TGA-CdTe and GSH-CdTe@ZnS QDs as representatives for the rest of 
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the QDs. The peaks for TGA-CdTe QDs were at 26.6, 44.0 and 52.1 and GSH-
CdTe@ZnS QDs were at 28.60, 47.60 and 56.20 respectively. Following the growth of 
ZnS shell on the core CdTe, the peak position shifted to higher angles and thus 
confirms the formation of CdTe@ZnS core-shell QDs.. A typical zinc blend crystal 
structure [77] was obtained. The sizes of the QDs were also determined using XRD, 
according to the Scherrer Eq. (3.1) [201]. 
       
  
     
                                                                                                                    
  
where λ is the wavelength of the X-ray source (1.5405), k is an empirical constant 
equal to 0.9, β is  the full width at half maximum of the diffraction peak, and θ is the 
angular position. The sizes of the QDs were found to range from 2.2 to 4.7 nm (Table 
3.1) for QDs employed in this work. 
 
Fig. 3.1.   Powder XRD spectra of TGA-CdTe and GSH-CdTe@ZnS QDs.  
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Table 3.1. List of QDs employed in this work showing their size, maximum 
absorption and emission wavelength and fluorescence quantum yields. Solvent: 
pH 7.4 buffer. Sizes of QDs obtained using XRD are shown in brackets. 
QDs(nm) aAbs max (nm) aEmi max (nm) ΦF 
TGA-CdTe(2.2) 477 555 0.14 
TGA-CdTe(2.3) 503 549 0.80 
TGA-CdTe(2.6) 521 568 0.57 
MPA-CdTe(2.7) 509 566 0.47 
GSH-CdTe(3.9) 602 632 0.34 
MPA-CdTe@ZnS(3.0) 525 587 0.57 
MPA-CdTe@ZnS(3.1) 510 557 0.72 
MPA-CdTe@ZnS(3.4) 560 626 0.46 
GSH-CdTe@ZnS(2.6) 510 562 0.62 
GSH-CdTe@ZnS(3.0) 562 600 0.39 
GSH-CdTe@ZnS(3.4) 530 602 0.14 
GSH-CdTe@ZnS(3.6) 546 619 0.07 
MPA-CdSe@ZnS(4.6) 568 597 0.52 
GSH-CdSe@ZnS(4.7) 585 609 0.24 
aAbs max = Absorption maximum and Emi max = Emission maximum. 
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3.1.2.     TEM measurements 
TEM was used to study the surface morphology of the QDs. Fig. 3.2A and 3.2B 
shows an example of the TEM images of the QDs. The TEM images of MPA-
CdSe@ZnS QDs (Fig. 3.2A) and GSH-CdSe@ZnS QDs (Fig. 3.2B) shows that the QDs 
are nearly mono-dispersed with majority of the particles being almost spherical in 
shape as observed for the rest of the QDs.  The sizes obtained from TEM for MPA-
CdSe@ZnS QDs (4.4 nm) and GSH-CdSe@ZnS QDs (4.6 nm) (as examples) were 
similar to the values obtained from XRD, Table 3.1. 
 
Fig. 3.2. TEM images for (A) MPA-CdSe@ZnS QDs and (B) GSH-CdSe@ZnS QDs. 
 
3.1.3.     UV/vis absorption and fluorescence emission spectra 
Fig. 3.3 shows the typical fluorescence and absorption spectra of two different-sized 
TGA-capped CdTe QDs (used as examples) taken at different refluxing times. The 
fluorescence data of the QDs are listed in Table 3.1. The QDs exhibit broad 
absorption and well-resolved narrow emission spectra which shift to longer 
wavelengths with reaction time (hence increase in size). The relatively narrow 
emission spectra as observed in Fig. 3.3 may be attributed to elimination of surface 
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related recombination defects. The ΦF of the QDs used in this work, range from 0.14 
– 0.80. The ΦF values of the QDs seem to be generally higher for smaller QDs 
compared to their larger counterparts. For example, the ΦF values obtained for the 
differently-sized GSH-CdTe@ZnS (0.62, 0.14 and 0.07) (which were obtained from 
the same batch) were found to decrease remarkably with increase in the size of the 
core-shell QDs (Table 3.1). Different batches of QDs could have different defect 
states which could influence its ΦF values. Similar trend in decrease of the ΦF with 
size has been observed in literature [202] with the optimum ΦF value being 
dependent on the capping agent. It has been reported that the lower ΦF of larger 
QDs is due to larger non-radiative decay probabilities [203]. Also, core-shell QDs are 
expected to increase ΦF values and as shown in Table 3.1, the improvement is highly 
dependent on the size of the QDs. Thus, in this work, both the increase is size and 
the nature of the substituted could be responsible for decrease in ΦF values. 
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Fig. 3.3. Absorption spectra (dotted line) and fluorescence emission spectra (solid 
line) of TGA-capped CdTe QDs at room temperature. λexc = 400 nm. 
 
3.1.4     Fluorescence lifetime measurements 
In this work, fluorescence lifetimes were employed as a vital tool in elucidating 
possible interactions between the QDs and analytes of interest. They can provide key 
information on the recombination of photoinduced carriers in the nanocrystal QDs.  
Fig. 3.4 shows an example of the fluorescence decay curves of TGA-CdTe QDs. 
Similar decay curves were observed for the rest of the QDs. The QDs exhibit 
triexponential decays, Table 3.2. The longer lifetime 1, is associated with the 
involvement of surface states in the carrier recombination process [204], the shorter 
lifetime 2 could be as a result of intrinsic recombination of initially populated core 
states [205] while the shortest lifetime 3 is associated with radiative depopulation 
due to band edge recombination at the surface [205]. The differences in fluorescence 
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lifetimes observed could be due to the nature of the QDs (i.e., core or core-shell), 
their size and type of capping agent attached to its surface. The solvent medium 
could also influence the fluorescence lifetime values of the QDs. F values 
(considering the same solvent media) are generally longer for larger QDs of the same 
type, contrary to observation for the ΦF values (which decreased for QDs of the same 
batch (GSH-CdTe@ZnS (2.6, 3.4 and 3.6 nm)) in Table 3.1. Similarly, Zhimin et al., 
[206] carried out a study on the ΦF and F properties of different-sized CdTe QDs, 
capped with either TGA or MPA and observed that the ΦF values increased for both 
QDs while the corresponding F values increased for TGA-CdTe and decreased for 
MPA-CdTe. This was attributed to different degree of surface passivation of QDs by 
the thiol ligands [206]. In general, fluorescence lifetime measurements provided 
explanations into the type of mechanism observed for the fluorescence quenching 
sensor by distinguishing between dynamic and static processes. For the 
fluorescence enhancement sensor, it was employed to confirm the enhancement 
effects observed for the QDs-MPc sensors in the presence of the analytes.  
 
Fig. 3.4.  Fluorescence decay curves of TGA-CdTe QDs (shown as an example). 
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Table 3.2. Triexponential fluorescence lifetime values for all the QDs employed in 
this work. The size of the QDs (nm) has been included to distinguish similar QDs. 
Solvent: pH 7.4 buffer. 
QDs(nm) 1 (ns) a 
(±0.10) 
2 (ns) a 
(±0.06) 
3 (ns) a 
(±0.01) 
Mean 
F(ns) 
(±0.1) 
TGA-CdTe(2.2) 20.1 (0.66) 6.1 (0.30) 0.9 (0.04) 9.0 
TGA-CdTe(2.3) 24.0(0.79) 7.3(0.19) 0.9(0.02) 10.7 
TGA-CdTe(2.6) 22.5 (0.75) 7.8 (0.23) 1.1 (0.02) 10.5 
MPA-CdTe(2.7) 29.0(0.83) 
26.2(0.73) 
7.0(0.15) 
8.3(0.24) 
0.8(0.02) 
1.5(0.03) 
12.3 
12.0 
GSH-CdTe(3.9) 65.0(0.91) 15.1(0.08) 2.8(0.01) 27.6 
MPA-CdTe@ZnS(3.0) 33.8(0.68) 
34.8(0.86) 
12.0(0.30) 
7.1(0.12) 
1.4(0.02) 
1.5(0.02) 
5.7 
14.5 
MPA-CdTe@ZnS(3.1) 43.8(0.50) 14.9(0.44) 2.8(0.06) 20.5 
MPA-CdTe@ZnS(3.4) 46.4(0.62) 15.8(0.34) 2.9(0.04) 21.7 
GSH-CdTe@ZnS(2.6) 45.6(0.54) 15.7(0.40) 2.6(0.06) 21.3 
GSH-CdTe@ZnS(3.0) 60.6(0.89) 
55.1(0.93) 
16.0(0.09) 
11.0(0.06) 
1.5(0.02) 
1.0(0.01) 
26.0 
22.4 
GSH-CdTe@ZnS(3.4) 57.3(0.88) 11.2(0.07) 0.9(0.05) 23.1 
GSH-CdTe@ZnS(3.6) 66.1(0.86) 11.7(0.12) 0.8(0.08) 26.2 
MPA-CdSe@ZnS(4.6) 13.5(0.53) 4.4(0.38) 0.7(0.9) 6.2 
GSH-CdSe@ZnS(4.7) 19.1(0.58) 6.3(0.34) 1.3(0.8) 13.4 
aRelative abundance in brackets.  
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3.2.     MPc 
3.2.1.   Characterization of MTAPcs (1 – 4) 
The UV/vis absorption spectrum of compound 3 (as an example for MTAPc) with a 
Q-band maximum at 723 nm is displayed in Fig. 3.5. It was observed that the Q band 
position of the MTAPc (M = Al, Co, Ni and Zn) were all red shifted. The red shifting 
is typical of MTAPc, due to the electron donating nature of the NH2 substituents 
[163]. The MTAPc complexes are not soluble in aqueous media, hence, the solvent 
mixture of DMF:PBS was employed for the MTAPc complexes in order to ensure the 
presence of aqueous environment used for conjugation.   
 
Fig. 3.5.     UV/vis spectrum of compound 3 measured in DMF:PBS buffer pH 7.4 
(2:1, v/v). 
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3.2.2.     Synthesis and characterization of monoamino Pcs (5) and (6) 
The synthetic procedures employed for compound 5 (Schemes 3.1) was achieved by 
firstly synthesizing (Cl)AlMNPc (9) in which the nitro group was reduced to obtain 
compound 5.  Scheme 3.2 was employed for the synthesis of 6. Both 5 and 6 require 
extensive separation due to the presence of a number of compounds. All the 
compounds were characterized by UV/vis, IR, 1H NMR, elemental analysis and 
MALDI-TOF mass spectroscopy, all of which showed agreement with the expected 
results. 
The UV/vis spectra of compound 5 and compound 6 in DMF are displayed in Fig. 
3.6. Both spectra exhibited a monomeric Q band maximum with excellent solubility 
in DMF.  
 
Fig. 3.6. UV/Vis spectra of as-synthesized (Cl)AlMAPc (5) and (Cl)AlMAPPc (6) in 
DMF. 
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Scheme 3.1.  Synthesis of ClAlMAPc (5) derivative.  
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Scheme 3.2. Synthesis of ClAlMAPPc (6) derivative.  
 
3.2.3.     Synthesis and characterization of 7 and 8 containing mercaptosuccinic acid 
The synthesis of complexes 7 and 8 (Scheme 3.3) occurred under similar conditions 
except that the amount of urea used was smaller for 7 than for 8. Low amounts of 
urea resulted in the absence of one of the bridging nitrogen atoms and thus resulting 
in the formation of compound 7. The complexes were successfully obtained after 
extensive washing with solvents and chromatographic separation. The complexes 
were characterized by UV/vis, FT-IR and MALDI TOF spectroscopies and by 
elemental analysis, all of which were in agreement with the predicted structures as 
detailed in the experimental section. The electronic spectra of the complexes 
measured before conjugation to the QD displayed a characteristic absorption in the 
Q band region with a maximum absorption wavelength of 673 nm for compound 7 
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and 672 nm for compound 8 in DMSO:H2O (3:2, v/v), Fig. 3.7. The split Q band is 
due to unsymmetric substitution. Complex 7 displayed a split and broad Soret band 
between 404 - 456 nm. The sharp nature of the Soret band is characteristic of 
triazatetrabenz-corrole complexes [207].  
 
 
Fig. 3.7. UV/vis absorption spectra of as-synthesized 7 and 8 in DMSO:H2O (3:2, 
v/v). 
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Scheme 3.3. Synthesis of 4-mercaptosuccinic acid phthalonitrile (10) and the 
corresponding NiMMSATBC (7) and NiMMSAPc (8) complexes. 
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3.3.     MPc-QDs conjugates  
QDs were conjugated to amino-containing Pcs (1 – 6) by activation of the COOH 
group of the QDs using EDC and NHS as coupling agents. For compounds 7 and 8, 
the COOH groups of the compounds were activated and bonded to the amino group 
of the QDs. Hence, an amide bond between the QDs and the Pc complexes were 
formed as depicted in Scheme 3.4 (used as an example). 
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M = H2, ClAl, Co, Ni and Zn
 
Scheme 3.4. Schematic representation showing the preparation of QDs-H2, Al, Co, 
Ni and ZnTAPc nanoconjugate. 
 
75 
 
3.3.1.     TEM analysis 
The TEM images of the conjugates (Fig 3.8A – 3.8D using 5 and 6 as an example) 
shows that the MPc-QDs particles were interspersed showing some level of 
aggregation compared to the QDs alone, Fig 3.2. In addition, it was observed that the 
TEM images for GSH-CdSe@ZnS-5 (Fig. 3.8C) and GSH-CdSe@ZnS-6 (Fig. 3.8D) 
displayed an array of embedded particle and thus suggesting that the nature of the 
QDs capping conjugated to the 5 and 6 influences the surface morphology of the 
conjugates.  
 
Fig. 3.8. TEM images for (A) MPA-CdSe@ZnS-5, (B) MPA-CdSe@ZnS-6, (C) GSH-
CdSe@ZnS-5 and (D) GSH-CdSe@ZnS-6. 
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3.3.2.     FT-IR analysis 
To confirm the conjugation between the QDs and MPc complexes via the amide 
bond formation, FT-IR analysis was carried out. As an example, Fig. 3.9 shows the 
FT-IR spectra of (A) 5, (B) GSH-CdSe@ZnS QDs, (C) MPA-CdSe@ZnS QDs, (D) 
MPA-CdSe@ZnS-5 and (E) GSH-CdSe@ZnS-5 respectively. For 5, the peak at 1671 
cm-1 is attributed to the –NH2 bending mode of the Pc while the band at 3387 cm-1 
may be assigned to the stretching mode of the –NH2 group of the Pc. The bands at 
1392 and 1586 cm-1 for the GSH-CdSe@ZnS and 1386 and 1557 cm-1 for MPA-
CdSe@ZnS QDs may be assigned to the symmetric and asymmetric –COO functional 
group of the QDs. The corresponding band at 3277 cm-1 for GSH-QDs relates to the –
NH2 functional group while the band at 3213 cm-1 for MPA-QDs corresponds to the 
–OH functional group. The formation of 10 and 20 amide bonds in the conjugates 
were confirmed by the presence of the characteristic peaks at 1646 and 1567 cm-1 for 
MPA-CdSe@ZnS-5 and 1653 and 1539 cm-1 for GSH-CdSe@ZnS-5.  
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Fig. 3.9. FT-IR spectra of (A) complex 5 (used as an example), (B) GSH-CdSe@ZnS 
QDs, (C) MPA-CdSe@ZnS QDs, (D) MPA-CdSe@ZnS-5 and (E) GSH-CdSe@ZnS-
5. 
 
3.3.3.     TGA analysis 
Thermal properties of compound 2 and MPA-CdTe@ZnS-2 (used an examples) were 
investigated using thermal gravimetric analysis (TGA) in order to gain useful insight 
into the stability of the QDs-MPc nanocomplexes compared to the MPc alone. Fig. 
3.10 shows the thermal curves for 2, MPA-CdTe@ZnS(3.1)-2 and MPA-
CdTe@ZnS(3.4)-2. It can be seen from Fig. 3.10 that as the temperature is increased, 
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the thermal decomposition of the 2 and QDs-2 occurs at different decomposition 
steps. For 2, the weight loss steps were in the range of 202 – 289 oC (propabaly due to 
solvent loss) and 289 – 542 oC. For both MPA-CdTe@ZnS(3.1)-2 and MPA-
CdTe@ZnS(3.4)-2, the TGA curves were very similar and thus displaying high 
degree of stability. Generally, from the respective TGA curves, it was observed that 
the QDs-2 nanocomplexes have better thermal stability that the parent 2. 
 
Fig. 3.10. TGA curves of thermal properties of compound 2, MPA-CdTe@ZnS(3.1)-
2 and MPA-CdTe@ZnS(3.4)-2. 
 
3.3.4.     UV/vis absorption studies 
As an example, the absorption spectra of the conjugates compared to the MPc alone 
are shown in Fig. 3.11 using 5 and 6 as examples. MPA-CdSe@ZnS(4.6)-5 and GSH-
CdSe@ZnS(4.7)-5 conjugates (Fig. 3.11A) measured in DMF:PBS buffer (5:1, v/v)) 
displayed a combination of the absorption spectra of the QDs and MPc. The same 
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behaviour was observed for MPA-CdSe@ZnS(4.6)-6 and GSH-CdSe@ZnS(4.7)-6 
conjugates (Fig. 3.11B). This gives a convincing affirmation that the MPc complexes 
have been successfully conjugated to the respective QDs. Similar pattern in the 
absorption spectra of the conjugates was also observed in PBS buffer pH 7.4 (as a 
colloidal solution) and for the other QDs conjugated to the respective MPc 
complexes. The increasing scattering background of the absorption spectra of the 
conjugates compared to the MPcs alone as observed in Fig 3.11A and 3.11B is due to 
to the very weak absorption tendencies of the QDs-MPc conjugates in the solvent 
medium due to the strong conjugation of the QDs to the MPc complexes.  
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Fig. 3.11. UV/vis spectra of (A) 5 (i) [3 x 10-5 M], GSH-CdSe@ZnS(4.7)-5 (ii) [1 x 10-8 
M] and MPA-CdSe@ZnS(4.6)-5 (iii) [3 x 10-7 M] and (B) 6 (i) [3 x 10-5 M], GSH-
CdSe@ZnS(4.7)-6 (ii) [4 x 10-7 M] and MPA-CdSe@ZnS(4.6)-6 (iii) [1 x 10-7 M]. 
Solvent: DMF:PBS (5:1, v/v). Optimum concentrations of the conjugates were 
used. 
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3.3.5.     Fluoresence behaviour of conjugates 
The ΦF of the QDs in the conjugates (      
         
) were calculated according to Eq. 2.2. 
Binding of the Pcs to the QDs triggered an apparent fluorescence quenching of the 
QDs in the conjugate, Fig. 3.12B and 3.12C. Table 3.3 displays the observed ΦF values 
of the conjugates. As expected, a decrease in the ΦF of the conjugates was observed 
in comparison to the values of the QDs alone, due to FRET and other processes that 
deactivate the excited states. For FRET to occur there has to be overlap between the 
emission spectra of the QDs and the absorption spectra of the MPcs, as observed in 
Fig. 3.12A. An efficient way to verify the occurrence of FRET is to excite the QDs-
MPc conjugate where the QDs absorb and Pcs do not in order to observe a 
stimulated energy transfer to the MPc. Fig. 3.12B and 3.12C shows the evidence of 
energy transfer from MPA-CdSe@ZnS(4.6) QDs and GSH-CdSe@ZnS(4.7) QDs to 5 
(used as an example). The increase in the emission of 5 when excited at the 
wavelength (560 nm) where QDs absorb and Pc does not (Fig 3.6) resulted in 
stimulated emission for 5 due to FRET. There is also a corresponding decrease in the 
emission of the QDs.  
 The FRET efficiencies (    ) were calculated from the quantum yield data using Eq. 
3.2: 
       
      
         
      
                                                                                                      
where        represents the fluorescence quantum yield of the QDs alone and 
      
         
 is fluorescence quantum yield of the conjugates.      
         
 values were 
calculated according to Eq. 2.2..  FRET efficiency values are an estimate since there 
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are other factors which could influence the decrease in QDs emission in addition to 
FRET. The Eff values for the conjugates are listed in Table 3.3. It was observed that 
the QDs with higher emission wavelength (considering the same QDs and capping 
agent) exhibited higher Eff values due to closer spectral overlap with the 
corresponding MPcs.                  
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Fig. 3.12. (A) Normalized intensity/absorbance showing the overlap between 
MPA-CdSe@ZnS(4.6) QDs, GSH-CdSe@ZnS(4.7) QDs with compound 5 and 6. (B) 
Induced emission of 5 through energy transfer from MPA-CdSe@ZnS(4.6) QDs 
and GSH-CdSe@ZnS(4.7) QDs in the conjugate (used as a representative). Insets: 
Expanded view for induced emission. λexc = 560 nm. Solvent: PBS pH 7.4 buffer. 
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Table 3.3. Fluorescence quantum yields and FRET efficiencies (Eff) data for QDs-
MPc and its related conjugates. The corresponding size and emission wavelengths 
of the QDs alone are included. 
Conjugates ΦF (QDs 
alone) 
ΦF (QDs-
conjugates) 
Eff aEmi max 
(nm) 
MPA-CdTe@ZnS(3.0)-2 0.57 0.25 0.56 587 
MPA-CdTe@ZnS(3.4)-2 0.46 0.05 0.89 626 
MPA-CdTe@ZnS(3.0)-1 0.57 0.26 0.35 587 
MPA-CdTe@ZnS(3.0)-3 0.57 0.10 0.69 587 
MPA-CdTe@ZnS(3.0)-4 0.57 0.09 0.71 587 
GSH-CdTe@ZnS(2.6)-3 0.62 0.38 0.39 562 
GSH-CdTe@ZnS(3.4)-3 0.14 0.07 0.50 602 
GSH-CdTe@ZnS(3.6)-3 0.07 0.02 0.71 619 
MPA-CdSe@ZnS(4.6)-5 0.52 0.19 0.63 597 
MPA-CdSe@ZnS(4.6)-6 0.52 0.27 0.48 597 
GSH-CdSe@ZnS(4.7)-5 0.24 0.08 0.67 609 
GSH-CdSe@ZnS(4.7)-6 0.24 0.05 0.69 609 
GSH-CdSe@ZnS(4.7)-7 0.24 0.11 0.54 609 
GSH-CdSe@ZnS(4.7)-8 0..24 0.06 0.75 609 
aEmi max (nm) = Emission wavelength of the QDs alone. 
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3.4.     QDs-4AT conjugate 
QDs-4AT conjugate was formed by the covalent linking of the QDs to 4AT. The 
carboxylic group of the QDs was activated using EDC and thereafter coupled to the 
amino moiety of 4AT using NHS to form an amide bond (Scheme 3.5). 
The XRD pattern of GSH-CdTe QDs-4AT complex is shown in Fig. 3.13B with peaks 
at 26.60, 43.90, 51.90, which are similar to those obtained for the QDs occurring at 
26.5o, 43.9o, and 51.8o (Fig. 3.13A). XRD analysis gives the crystal structure as cubic 
zinc blend and the (111), (220), and (311) planes being clearly distinguishable in the 
pattern.  It could be seen that the diffraction peaks (Fig. 3.13B) became more intense 
and narrower compared to QDs alone. Also, as shown in Fig. 3.14, a considerable 
decrease in the fluorescence of the QDs was observed on coordination with 4AT.  
Scheme 3.5.  Preparation of QDs-4AT nanoprobe. 
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Fig.  3.13.  Powder XRD spectra of the QD (alone) and QDs-4AT. 
 
Fig. 3.14.  Fluorescence spectra of GSH-CdTe QDs before conjugation (a) and 
GSH-CdTe QDs-4AT (b) in 50 mM Tris-HCl (pH 7.4). [QDs] = 1.0 mg/mL and 
[QDs-4AT] nanoprobe = 1.0 mg/mL. 
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4.     DETECTION OF ANALYTES USING QDs ALONE 
This chapter presents the quenching of the fluorescence of QDs (alone) by target 
analytes for use as a fluorescence probe for analyte sensing.  
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4.1.     Interaction of TGA-CdTe QDs with DPPH● 
Table 4.1 shows the list of QDs used in this chapter, together with the the analytes 
detected, linear range, limit of detection (LOD) and measuring signal. 
This section reports that the fluorescence of CdTe QDs can be efficiently quenched 
by DPPH● at different concentrations.  TGA-CdTe QDs was used as an example and 
the effects of the QDs size on the overall quenching will be explored. DPPH● 
(Scheme 4.1) is a stable paramagnetic free radical with an intense purple colour and 
has historically been used as a primary spin-concentration standard in electron 
paramagnetic resonance (EPR). Hence, it was chosen as a model radical for this 
study. Also, it is popularly known to be a good abstractor of hydrogen yielding its 
reduced counterpart 2,2-diphenyl-1-picrylhydrazine (DPPH-H) [208]. The quenching 
of CdTe by DPPH● is investigated by combined steady state and time resolved 
fluorescence measurements and the effects of pH on the quenching process are 
explored. It is expected that the results will provide new fundamental insights into 
the process of fluorescence quenching of QDs by free radicals for development of 
QDs-based fluorescent probes for free radicals (as will be presented in later sections). 
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Scheme 4.1. The structure of the stable free radical DPPH●. 
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Table 4.1. List of QDs (alone) employed for fluorescence sensing using quenching 
processes. The sizes of the QDs, the analytes detected, linear range and limit of 
detection (LOD) are included. 
QDs (size nm) Analytes Linear range (M) LOD (M) 
TGA-CdTe(2.2) DPPH● 2.0 x 10-8 – 1.4 x 10-7 4.8  10-8 
TGA-CdTe(2.6) DPPH● 2.0 x 10-8 – 1.4 x 10-7 5.3  10-8 
TGA-CdTe(2.3) HO● 1.0 x 10-7 - 8.5 x 10-7  9.7  10-8 
MPA-CdTe(2.7) HO● 1.0 x 10-7 - 8.5 x 10-7 2.5  10-7 
MPA-CdTe@ZnS(3.1) HO● 1.0 x 10-7 - 8.5 x 10-7 9.5  10-8 
GSH-CdTe@ZnS(3.0) HO● 1.0 x 10-7 - 8.5 x 10-7 8.5  10-8 
MPA-CdTe(2.7) ONOO- 5.0 x 10-8 - 4.0 x 10-7 a7.24  10-8 
b1.19  10-7 
MPA-CdTe@ZnS(3.1) ONOO- 5.0 x 10-8 - 4.0 x 10-7 a1.26  10-8 
b1.33  10-8 
GSH-CdTe@ZnS(3.0) ONOO- 5.0 x 10-8 - 4.0 x 10-7 a1.77  10-8 
b3.71  10-8 
bLOD at pH 9.4. bLOD at pH 12. 
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4.1.1.     Fluorescence quenching 
Factors such as pH [209], electron donors/acceptors and ionic strength have been 
reported to have great influence on the fluorescence emission spectra of QDs. In 
order to study the effects of pH, the quenching of QDs emission by DPPH● was 
recorded at different pHs (4.8, 7.0 and 10.3). Fig. 4.1 shows the quenching of 2.2 nm 
and 2.6 nm TGA-CdTe QDs emission on addition of various amounts of DPPH● 
recorded at pH 7.0 (as a representative of the rest of the pHs). The fluorescence 
intensity decreased gradually with increasing concentration of DPPH●. No feasible 
change in the shape of the fluorescence spectra was observed upon quenching. The 
LOD which is defined as the smallest concentration of the analytes that is statistically 
distinguishable from the blank was evaluated according to the equation LOD = 3 
δ/K, where δ is the standard deviation of blank measurement and K is the slope of 
the calibration graph. The linear range was between 2.0 x 10-8 – 1.4 x 10-7 M and the 
LOD was 4.8  10-8 and 5.3  10-8 M for 2.2 and 2.6 nm QDs respectively at pH 7.0, 
Table 4.1. The quenching of QDs fluorescence by DPPH●, may be represented by the 
Stern-Volmer equation (Eq. 4.1).  
  
 
                                                                                                                                
 
where F0 and F are the steady-state fluorescence intensity in the absence and 
presence of the quencher (DPPH●); KSV is the quenching rate constant and [Q] is the 
concentration of quencher (DPPH●).  As shown in Fig. 4.1 insets, linear Stern-Volmer 
plots were obtained for all pH conditions (pH 4.8, 7.0, and 10.3), irrespective of the 
QDs size. 
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Fig. 4.1. Fluorescence spectra of 2.2 nm QDs (A) and 2.6 nm QDs (B) in the 
presence of increasing concentration of DPPH● in MeOH: Tris-HCl buffer 
solution at pH 7.0. a: absence of DPPH●, b-h: 0.02, 0.04, 0.06, 0.08, 0.1, 0.12 and 0.14 
µM. Inset: corresponding Stern-Volmer plot.  
 
Table 4.2 lists the KSV values for both 2.2 nm and 2.6 nm QDs. From the high values 
of KSV at low pH, it can be concluded that the QDs are more exposed to quenching 
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the QDs. At low pH levels, capping agents may be removed from the surface of the 
QDs; hence exposing the QDs to more quenching and hence larger KSV values. At 
high pH, the instability of DPPH● has been proposed [208]. This may suggest the 
lower quenching efficiency observed in alkaline media in addition to pH effects on 
QDs. Linear or curved (upward or downward) Stern-Volmer plots obtained for static 
quenching, depends on the association constants [211]. Also, the pH dependence of 
the Stern-Volmer plots was more effective for the 2.2. nm QDs than for the 2.6 nm 
QDs which may be due to the larger surface area of the 2.2. nm QDs compared to the 
2.6 nm QDs. Linear plots are usually observed for dynamic quenching and may also 
be obaserved for static quenching. 
Fluorescence lifetime measurements are the most useful method for differentiating 
between static and dynamic quenching [212]. It is a vital tool used in luminescence 
technology in elucidating possible interactions between a fluorophore and sensing 
specie. It can provide key information on the recombination of photoinduced 
carriers in QDs. The QDs exhibit triexponential decay in the presence and absence of 
DPPH● and the lifetimes are listed in Table 4.3. No changes were observed in the 
fluorescence lifetimes in the presence of DPPH● and when increasing the 
concentration of DPPH●, Table 4.3.  For dynamic quenching, the fluorescence 
lifetimes vary proportionally with the quencher concentration while in the case of 
static quenching the lifetimes are independent of quencher concentration [213]. The 
fact that the fluorescence lifetime values are virtually constant in Table 4.3, suggests 
that static quenching predominates. 
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Table 4.2. Static quenching rate constants (KSV) at pH 4.8, pH 7.0 and pH 10.3 and 
first-order reaction rate constant (k) at pH 7.0 calculated from the fluorescence data 
of TGA-capped QD-DPPH● system for 2.2 and 2.6 nm QDs respectively. Solvent: 
MeOH:Tris-HCl buffer. 
QD  size (nm) pH KSV (106 M-1) k 
 
2.2 
4.8 8.43 - 
7.0 8.03 0.30 
10.3 6.71 - 
 
2.6 
4.8 7.41 - 
7.0 7.32 0.22 
10.3 7.29 - 
 
Table 4.3.  Fluorescence lifetime of TGA-capped CdTe QDs in the absence and 
presence of DPPH●. Solvent: MeOH:Tris-HCl buffer. 
  QD   
 (nm) 
[DPPH●] 
(µM) 
2 (ns) a  
(±0.15) 
2 (ns) a 
(±0.09) 
3 (ns) a  
(±0.01) 
        Mean 
     lifetimes 
     (ns) (±0.1) 
     
     2.2 
0 20.1 (0.66) 6.1 (0.30) 0.9 (0.04) 9.0 
0.02 20.6 (0.67) 6.3 (0.28) 1.0 ( 0.05) 9.3 
0.04 20.4 (0.67) 6.3 (0.29) 1.0 (0.04) 9.2 
0.06 20.2 (0.67) 6.2 (0.29) 0.9 (0.04) 9.1 
 
 
    2.6 
0 22.5 (0.75) 7.8 (0.23) 1.1 (0.02) 10.5 
0.02 22.4 (0.77) 7.8 (0.21) 1.1 (0.02) 10.5 
0.04 22.6 (0.77) 7.9 (0.21) 1.1 (0.02) 10.5 
0.06 22.4 (0.77) 7.7 (0.21) 1.0 (0.02) 10.4 
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4.1.2.     Kinetics  
There have been very few reports on the antioxidant activity and the catalytic ability 
of inorganic nanoparticles to scavenge free radicals [214]. To further understand the 
interaction between CdTe QDs and DPPH●, we have investigated the interaction of 
TGA-capped CdTe QDs with DPPH● free radicals. Fig. 4.2 presents UV-vis 
absorption spectral changes (with time) of DPPH● in the presence of CdTe QDs. On 
addition of QDs to DPPH●, there was evidence of enhancement of the absorption 
peaks due to DPPH● at wavelengths shorter than 400 nm, Fig. 4.2.  The DPPH● peak 
at 350 nm is enhanced and also shifts with time confirming formation of a new 
product between DPPH● and QDs.  This observation suggests static quenching. It 
could be seen that the absorption maximum at 547 nm due to DPPH●, decreased 
with time in the presence of a fixed concentration of the QDs. However, the decrease 
in absorbance was slow and strongly dependent on the nanoparticle size with the 
purple colour of the radical being bleached gradually. Notwithstanding, the decrease 
in absorbance was detectable within 15 minutes of the reaction and confirms an 
efficient scavenging of DPPH● and a possible reduction to 2,2-diphenyl-1-
picrylhydrazine (DPPH-H), Scheme 4.2, at pH 7.  
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Fig. 4.2. UV-vis absorption spectral changes with time observed following 
addition of (A) 2.2 nm QDs (1.8 µM) and 2.6 nm QDs (1.8 µM) to solutions of 0.1 
µM DPPH●; a: absence of QDs, b-h (DPPH● + QDs): 0.25, 1, 4, 6, 10, 12, 15 h).  
Insets: Corresponding plot of absorbance maximum at 547 nm against time for 
DPPH●. Solvent: MeOH:Tris-HCl buffer solution (pH 7.0). 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
300 400 500 600 700 800 
A
b
so
rb
a
n
c
e
 
Wavelength (nm) 
    a 
  h 0
0.05
0.1
0.15
0.2
0 5 10 15
A
b
so
rb
an
ce
 a
t 5
47
 n
m
Time (h)
A 
    DPPH● 
    DPPH● + QDs 
0 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
300 400 500 600 700 800 
A
b
so
rb
a
n
c
e
 
Wavelength (nm) 
  a 
   h 
0
0.1
0.2
0 5 10 15
A
b
so
rb
an
ce
 a
t 5
47
 n
m
Time (h)
B 
    DPPH● 
    DPPH● + QDs 
97 
 
Kinetics of the CdTe QDs-DPPH● system follows a first-order-reaction as shown in 
the insets of Fig. 4.2A and 4.2B.  The first-order reaction rate constants (k) were 
evaluated from the slope of each line and are: 0.30 min-1 for 2.2 nm QDs and 0.22 
min-1 for 2.6 nm QDs respectively, at pH 7.0. Thus, the smaller QDs react with 
DPPH● faster than the larger ones. Since TGA (used as capping agent) is also a 
known reducing agent [215], experiments were performed where the capping agent 
(TGA) alone was added to DPPH●, and spectral changes similar to those in Fig. 4.2 
were observed. Thus, the changes in the rate constants are related to the number of 
TGA capping agents which would be more for the smaller QDs, hence the larger rate 
constant compared with the larger QDs. 
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Scheme 4.2.  Proposed reaction between DPPH● and TGA-CdTe QDs. 
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4.1.3.     Conclusions  
In this section, the interaction between TGA-capped CdTe QDs and DPPH● free 
radical has been studied by UV-visible absorption and by steady state and time 
resolved fluorescence measurements. The results show clearly that DPPH● 
effectively quenches the fluorescence of TGA-capped CdTe QDs (used as a 
representative) through formation of a ground state complex (static quenching) 
which was confirmed by fluorescence lifetime studies. The quenching behaviour was 
described by the Stern-Volmer relationship and a linear plot was observed. Time 
course absorption studies revealed that DPPH● could be reduced to its subsequent 
hydrazine form (DPPH-H) in the presence of CdTe QDs. The fact that QDs showed 
efficient fluorescent quenching sensitivity towards DPPH● radical investigated 
indicates that they hold promising application for development of probes as sensors 
for detection of free radicals as will be presented in later sections.  
 
4.2.     HO● sensing 
For these studies, core (CdTe) and core-shell (CdTe@ZnS) QDs were employed as 
examples to compare their fluorescence sensing efficiency. The coating of the core 
with a higher bandgap material such as ZnS can be an effective tool for influencing 
the chemical, optical and photocatalytic properties of QDs. This can lead to an 
improvement in the photostability and enhancement in sensitivity and selectivity of 
the QDs. Hence, in this work, a sensor for HO● is developed and effects of different 
capping agents are investigated. QDs used are: TGA-CdTe(2.3 nm), MPA-CdTe(2.7 
nm), MPA-CdTe@ZnS(3.1 nm) and GSH-CdTe@ZnS(3.0 nm). 
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4.2.1.     Effect of pH and types of buffer 
GSH-CdTe@ZnS(3.0 nm) QDs was chosen as a representative for all the QDs to 
optimize the HO● detection conditions. Different buffers such as, phosphate buffered 
solution (PBS), acetate buffer, phosphate buffer, citric acid-NaOH, tris-
ethylenediaminetetraacetic acid (Tris-EDTA) and Tris-HCl were examined (all at pH 
7.4) and our results showed that Tris-HCl (50 mM) was best suited because it 
resulted in the largest quenching of the QDs fluorescence on addition of HO●, Fig 4.3 
inset. Thus, Tris-HCl was selected for further experiments. As explained in Section 
2.7.3, it is possible that certain buffers does interfere with the detection of specific 
analytes, hence the same pheneomenon could be explained here that the lower 
fluorescence response experienced for the other buffer (with the exception of Tris-
HCl) could be due to the fact that they interfered with the detection of HO●. pH 
could have a drastic influence on the fluorescence intensity of QDs, which could 
affect both the sensitivity and selectivity of target analytes [216], while the capping 
agent is also known to be protonated at the surface of the QDs in acidic pH. Hence, 
the effect of pH on the fluorescence intensity of aqueous QDs-HO● system was 
investigated at different pH values.  Fig. 4.3 shows that there was more quenching of 
fluorescence of the QDs by HO● in the pH range 6.8 to 7.8. Therefore, pH 7.4, 50 mM 
Tris-HCl buffer was selected for further experiments. 
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Fig. 4.3. Effects of pH on the fluorescence intensity of GSH-CdTe@ZnS(3.0 nm) 
QDs-HO● solution system ([QDs]: 6.7 x 10-7 M, [●OH]: 2.5 x 10-7 M s-1, solvent: 50 
mM Tris-HCl buffer). Inset: Effect of different buffers on the fluorescence 
intensity. F0 and F are the fluorescence intensity of aqueous CdTe@ZnS QDs 
without and with ●OH). 
 
4.2.2.     Fluorescence quenching 
Under the optimum conditions, it was found that HO● quenched the fluorescence of 
CdTe and CdTe@ZnS QDs (Fig. 4.4) in a concentration-dependent manner that was 
best described by the linear Stern-Volmer relationship, Eq. 4.1. 
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Fig. 4.4. Effects of addition of different concentrations of HO● on the fluorescence 
of (A) TGA-CdTe(2.3 nm) QDs and (B) GSH-CdTe@ZnS(3.0 nm) QDs shown as a 
representative. [HO●]: (a) 0, (b) 1.0 x 10-7, (c) 2.5 x 10-7, (d) 4.0 x 10-7, (e) 5.5 x 10-7, (f) 
7.0 x 10-7 and (g) 8.5 x 10-7 M s-1. Inset: corresponding Stern-Volmer plots. Solvent: 
50 mM Tris-HCL buffer pH 7.4. 
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10-7, 2.5 x 10-7, 4.0 x 10-7, 5.5 x 10-7, 7.0 x 10-7 and 8.5 x 10-7 M, in the presence of 4.2 x 
10-7, 1.0 x 10-6, 1.7 x 10-6, 2.3 x 10-6, 2.9 x 10-6 and 3.5 x 10-6 M Fe2+/EDTA respectively 
and 3 x 10-5 M H2O2 according to a method described by Maki et al [218].  
 GSH-CdTe@ZnS(3.0 nm) QDs exhibited the best sensitivity (larger KSV) for the 
detection of HO● while MPA-CdTe(2.7 nm) QDs showed the least sensitivity 
(comparing the Ksv values, Table 4.4). Also, the KSV value was found to be higher for 
TGA-CdTe(2.3 nm) QDs than MPA-CdTe(2.7 nm) QDs when considering the same 
kind of QDs core. However, different sizes of the QDs will affect the results, Table 
4.4. The core-shell CdTe@ZnS QDs were however more sensitive and are best suited 
for the detection of HO● than the core CdTe QDs, when comparing MPA-CdTe(2.7 
nm) QDs and MPA-CdTe@ZnS(3.1 nm) QD containing the same capping agent even 
though the latter was slightly larger in size. This may be due to the fact that the 
coating of a secondary layer with a wider bandgap semiconductor such as ZnS has 
been reported to passivate the surface of the QDs and can increase the extent of 
fluorescence quenching in the presence of a quencher [219].  
Also, it was noticed that the nature of the capping agent of the QDs influenced the 
sensitivity of the probe (Table 4.4). For example, GSH capping on CdTe@ZnS has a 
slightly larger KSV value than when MPA is employed for the same core-shell QDs 
even though the sizes of these QDs differ only by 0.1 nm. This effect may be related 
to reports that GSH provides better surface passivation for QDs than other thiol 
ligands [220]. All results suggest that the differing degree of sensitivity of the core 
and coreshell QDs to HO● may depend on multiple factors. Capping agent, QD size, 
oxidative, photolytic and mechanical stability are individual and collective factors 
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that can influence the sensitivity of the QDs to HO●, hence the difference in 
sensitivity of core and coreshell QDs towards HO●. 
The limit of detection (LOD) was evaluated according to the equation LOD = 3 δ/K, 
where δ is the standard deviation of blank measurement (n = 10) and K is the slope of 
the calibration graph. The LOD correlated favourably with the sensitivity of the 
probe and the best value of 8.5 x 10-8 M (Table 4.4) was obtained for GSH-CdTe@ZnS 
QDs with a correlation coefficient of 0.997.  
 
Table 4.4. Quenching rate constant (KSV) and LOD for different QDs used for the 
detection of HO●. Solvent: 50 mM Tris-HCl pH 7.4. 
QDs(size nm) Ksv (M-1) LOD (M) 
TGA-CdTe(2.3) 2..0  106 9.7  10-8 
MPA-CdTe(2.7) 1.5  106 2.5  10-7 
MPA-CdTe@ZnS(3.1) 2.1  106 9.5  10-8 
GSH-CdTe@ZnS(3.0) 2.4  106 8.5  10-8 
 
4.2.3.     Selectivity studies 
A high selectivity for the detection of HO● is needed for fluorescent probes. H2O2, 
ONOO- and HO● have been reported to quench the fluorescence of QDs [221-223]. 
As a result, we have evaluated the effect of different ROS ([O2-●] = 200 µM, [ONOO-] 
= 300 µM, [H2O2], [TBHP] and [ClO4-] = 50 µM) on the fluorescence response of 
TGA-CdTe, MPA-CdTe and MPA-CdTe@ZnS and GSH-CdTe@ZnS QDs and the 
results showed that the fluorescence of TGA-CdTe, MPA-CdTe and MPA-
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CdTe@ZnS and GSH-CdTe@ZnS QDs were sensitive to ONOO- and H2O2 but was 
more significantly quenched by HO● (Fig. 4.5A). This implies that the QDs probe can 
be used to detect similar ROS but with HO● displaying a more staggering effect. A 
tolerable error of ±5.0% in the relative fluorescence intensity was taken into 
consideration.  The effect of co-existing ROS on the fluorescence of CdTe and 
CdTe@ZnS QDs were studied by mixing an equivalent concentration of HO● (0.85 
µM s-1) and an excess of interfering species. Fig. 4.5B, showed there was no 
significant effect on the fluorescence response of CdTe@ZnS QDs for the detection of 
HO●. However, for TGA-CdTe and MPA-CdTe QDs, a considerable decrease in 
fluorescence response was observed in the presence of ONOO- and H2O2 indicating 
that ONOO- and H2O2 interfered with the probe for CdTe QDs. This makes MPA-
CdTe@ZnS and GSH-CdTe@ZnS QDs more attractive for the selective recognition of 
HO● than CdTe QDs. Since there were negligible interferences by the tested species 
using CdTe@ZnS QDs, thus demonstrating that this probe has relatively high 
selectivity and can detect HO●. In addition, the presence of the Fenton reagents 
([ascorbic acid], [Fe3+], [Fe2+] and [EDTA] = 100 µM) had no effect on the detection of 
HO● (Fig. 4.5C). 
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Fig. 4.5. (A) Effect of ROS on the fluorescence of TGA-CdTe, MPA-CdTe and 
MPA-CdTe@ZnS and GSH-CdTe@ZnS QDs (B) Effect of co-existing ROS and (C) 
Fenton reactants and products as tested interferences on the detection of HO● by 
the proposed QDs-based fluorescent probe. Ascorbic acid is abbreviated as AA. 
Solvent: 50 mM Tris-HCl buffer pH 7.4. 
 
4.2.4.     Proposed quenching mechanism 
In order to elucidate the mechanism for HO● detection, we carried out fluorescence 
lifetime measurements on CdTe and CdTe@ZnS QDs. Fig. 4.6 shows the decay 
curves of CdTe and CdTe@ZnS QDs in the presence of HO●. As shown in Table 4.5, 
the fluorescence lifetime evaluated from the triexponential decay curve of CdTe and 
CdTe@ZnS QDs decreased on addition HO● relative to value of the QDs in the 
absence of HO●, Table 4.5. For dynamic quenching; the fluorescence lifetimes vary 
with the quencher concentration while in the case of static quenching; the lifetimes 
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are independent of quencher concentration [224,225]. The fact that there is a change 
in the lifetime with at a fixed concentration of HO● indicates that the interaction is 
mainly dynamic, possibly involving electron transfer (ET) processes. ET from the 
conduction band of GSH-capped CdTe QDs to HO● (to form hydroxyl ion) has 
previously been proposed [221]. We assume that since the presence of the Fenton 
reactants and products did not interfere with the fluorescence of QDs-HO● probe (as 
shown in Fig. 4.5C), then HO● is mainly responsible for the quenching of the 
fluorescence of CdTe and CdTe@ZnS QDs due to its strong electron accepting ability 
(Scheme 4.3). 
 
Table 4.5. Comparison of the best-fit fluorescence lifetime values for a 
triexponential fit of CdTe and CdTe@ZnS QDs in the absence and presence of an 
equivalent of HO● in 50 mM Tris-HCl buffer, pH 7.4. 
         QDs(size nm)   [HO●]                
  (µM s-1)     
   1 (ns)  
    ±0.1 
   2 (ns) 
    ±0.07 
   3 (ns)  
     ±0.03 
    TGA-CdTe(2.3)     0 
   0.1 
  24.0(0.79)   
  22.8(0.80) 
  7.3(0.19) 
  7.0(0.18) 
 0.9(0.02) 
 0.8(0.02) 
    MPA-CdTe(2.7)     0 
    0.1 
  29.0(0.83) 
  28.0(0.83) 
  7.0(0.15) 
  6.4(0.15) 
 0.8(0.02) 
 0.5(0.02) 
MPA-CdTe@ZnS(3.1)     0 
    0.1 
  33.8(0.68) 
  31.2(0.72) 
12.0(0.30) 
10.0(0.25) 
 1.4(0.02) 
 0.9(0.03) 
GSH-CdTe@ZnS(3.0)     0 
    0.1 
  60.6(0.89) 
  58.1(0.90) 
16.0(0.09) 
13.3(0.08) 
 1.5(0.02) 
 1.3(0.02) 
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Fig. 4.6.  Fluorescence decay curves of CdTe and CdTe@ZnS QDs in the presence 
of 1.0 x 10-7 M s-1 HO●. Solvent: 50 mM Tris-HCL pH 7.4 buffer. 
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Scheme 4.3. The detection mechanism induced by electron transfer from QDs to 
HO●. 
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4.2.5.     Conclusions 
New QDs probe has been proposed for the sensitive and selective determination of 
HO● in aqueous media by comparative studies between different thiol-capped CdTe 
and CdTe@ZnS QDs. The results showed that the type of capping agent and QDs 
influenced the sensitivity and selectivity of the probe with GSH-CdTe@ZnS giving 
the best sensitivity. The mechanisms of fluorescence quenching of the QDs is by 
dynamic quenching, yet static quenching was observed for DPPH●. This could be 
due to differences in electron accepting abilities. Moreover, the proposed probe 
offered a LOD as low as 8.5  10-8 M using GSH-CdTe@ZnS QDs. Interferences from 
foreign ROS and the Fenton reactants and products were negligible for CdTe@ZnS 
QDs but CdTe QDs were not very selective towards HO●.  
 
4.3.     ONOO- sesnsing 
This section reports on the detection of ONOO- using MPA-CdTe (2.7 nm), MPA-
CdTe@ZnS (3.1 nm) and GSH-CdTe@ZnS (3.0 nm) QDs as luminescent probes. The 
kinetics and mechanism of the reaction are studied.  
Fig. 4.7 shows that the shape of the absorption spectrum of as-synthesized ONOO- is 
consistent with literature [222,226] and thus confirming we have successfully 
synthesized ONOO-. 
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Fig. 4.7. UV/vis absorption spectrum of as-synthesized ONOO-. 
 
4.3.1.     Fluorescence quenching 
Under the optimum conditions, the fluorescence of CdTe and CdTe@ZnS QDs were 
quenched by ONOO- at pH 9.4 and 12. At pH 9.4, a 53% quenching of the 
fluorescence intensity of MPA-CdTe QDs was observed for a 4 x 10-7 M of ONOO-, 
whereas at the same ONOO- concentration, 81% and 87% quenching was obtained 
for GSH-CdTe@ZnS and MPA-CdTe@ZnS QDs respectively, Fig 4.8. At pH 12, a 
similar trend in quenching pattern was observed for the QDs with ONOO-. This 
gives a strong indication that CdTe QDs are far less sensitive to ONOO- than 
CdTe@ZnS QDs as observed above for HO●. An attempt was made to detect ONOO- 
at physiological pH 7.4, but due to the fast decomposition rate of ONOO- at this pH, 
it was difficult for us to obtain a stable fluorescence signal. 
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Table 4.6. KSV and LOD for CdTe and CdTe@ZnS QDs used for the detection of 
ONOO- at pH 9.4 and pH 12 respectively. Solvent: 50 mM phosphate buffer. 
QDs(size nm) Ksv (M-1) 
(pH 9.4) 
Ksv (M-1) 
(pH 12) 
LOD 
(nM) 
(pH 9.4) 
LOD 
(nM) 
(pH 12) 
aMPA-CdTe@ZnS(3.1) 1.58  107 1.50  107 12.6 13.3 
bGSH-CdTe@ZnS(3.0) 1.13  107 5.39  106 17.7 37.1 
cMPA-CdTe(2.7) 2.76  106 1.68  106 72.4 119.0 
Optimum concentration of QDs: a7.0  10-7 M, b6.7  10-7 M and c1.0  10-5 M 
MPA-CdTe@ZnS(3.1) QDs exhibited the best sensitivity for the detection of ONOO- 
while MPA-CdTe QDs showed the least sensitivity (comparing the KSV values at pH 
9.4 and 12, Table 4.6). From Table 4.6, it can be seen that CdTe@ZnS QDs are more 
sensitive and are best suited for the detection of ONOO- than the core CdTe QDs 
when comparing KSV values of MPA-CdTe(2.7) QDs and MPA-CdTe@ZnS(3.1) QD 
containing the same capping ligand. It was noticed that the nature of the capping 
ligand of the QDs influenced the sensitivity of the probe as was the case for HO● 
(Table 4.4). For example, MPA capping on CdTe@ZnS has a larger KSV value than 
when GSH is employed. As stated above, the coating of a secondary layer with a 
wider bandgap semiconductor such as ZnS, passivates the surface of the CdTe core 
and can increase the efficiency of fluorescence quenching in the presence of a 
quencher. The LOD was evaluated at pH 9.4 and pH 12 and the values of 12.6, 17.7 
and 72.4 nM (Table 4.6) were obtained for MPA-CdTe@ZnS, GSH-CdTe@ZnS and 
MPA-CdTe QDs at pH 9.4 respectively, which are much lower as compared to the 
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values at pH 12 (Table 4.6). This gives an indication that pH 9.4 is most suitable for 
the detection of ONOO- using our method and was afterward selected for further 
studies. 
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Fig. 4.8. Quenching of different concentrations of ONOO- on the fluorescence of 
(A) MPA-CdTe(2.7) (B) MPA-CdTe@ZnS(3.1) and (C) GSH-CdTe@ZnS(3.0) QDs at 
pH 9.4.  Concentrations of ONOO- : (a) 0, (b) 5.0 x 10-8, (c) 1.0 x 10-7, (d) 1.5 x 10-7, (e) 
2.0 x 10-7, (f) 2.5 x 10-7, (g) 3.0 x 10-7, (h) 3.5 x 10-7 and (i) 4.0 x 10-7 M. Inset: 
Corresponding linear curves. Solvent: 50 mM phosphate buffer, pH 7.4. 
 
4.3.2.     Selectivity studies 
It is commonly known that the selective detection of ONOO- in biological system is a 
big challenge because of the elusive nature of ONOO- which precludes its detection 
and direct isolation as well as the difficulty in discriminating between the biological 
effects of ONOO- versus that of its precursors [227]. As a result, a high selectivity for 
the detection of ONOO- is needed for fluorescent probes. As reported before [228], 
the presence of nitrite does often interfere or complicate studies on the reactivity of 
ONOO-. Therefore, it is imperative to probe the effect of nitrite (NO2-) as well as 
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nitrate (NO3-) (which are decomposition products of ONOO-) on the fluorescence of 
the QDs. Hence, we studied the effects of these species and other possible ROS 
interferents on the direct detection of ONOO- in aqueous media using the CdTe and 
CdTe@ZnS QDs probes. Table 4.7 (Fig. 4.9), presents the effects of 20-fold excess of 
ROS and decomposition products of ONOO- on the fluorescence response of CdTe 
and CdTe@ZnS QDs for the detection of 5 x 10-8 M ONOO-. A tolerable error of 
±5.0% in the relative fluorescence intensity was taken into consideration. It can be 
seen from Table 4.7 (Fig. 4.9) that the fluorescence of MPA-CdTe QDs was 
significantly quenched by the presence of H2O2, HO
● and NO. Thus, HO● interferes 
with ONOO- detection and as observed above, the later also interferes with  HO● 
detection when using core CdTe QDs. Comparing MPA-CdTe@ZnS(3.1) with MPA-
CdTe(2.7) QDs, there was less decrease in fluorescence intensity in the presence of 
interferents in the former (with the exception of O2-● and NO). Thus, the coreshell 
MPA-CdTe@ZnS(3.1) is more suited than MPA-CdTe(2.7) QDs for the detection of 
ONOO- in the presence of studied interferents as was the case for HO● detection. We 
further compared the effects of these species on the fluorescence response of the two 
coreshell QDs: MPA-CdTe@ZnS(3.1) and GSH-CdTe@ZnS(3.0), Table 4.7 (Fig. 4.9). 
Generally, there is a larger decrease in percentage fluorescence intensity of MPA-
CdTe@ZnS(3.1) than for GSH-CdTe@ZnS(3.0), with the exception of hydrogen 
peroxide. Thus, GSH-CdTe@ZnS(3.0) is more suited for ONOO- detection in the 
presence of all interferents studied than MPA-capped QDs. It is possible that steric 
restrictions due to the size of the GSH molecule will preclude or reduce the oxidative 
attack of the interfering species on the selective detection of ONOO-, making GSH-
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CdTe@ZnS(3.0) QDs a more attractive candidate for the selective recognition of 
ONOO- in aqueous media. As shown in Table 4.7 (Fig. 4.9), decomposition products 
of ONOO- (NO2- and NO3-) did not interfere with the probes and thus making us to 
conclude that the QDs were highly selective for ONOO- over these products using 
our method. 
 
Table 4.7. Percentage fluorescence intensity (% FI) change of co-existing ROS and 
ONOO- decomposition products on the detection of 5.0 x 10-8 M ONOO- by the 
proposed QDs-based fluorescent probe. Concentration of interfering species = 1 x 
10-6 M. 
Species MPA-CdTe(2.7) 
(% FI change) 
MPA-CdTe@ ZnS(3.1) 
(% FI change) 
GSH-CdTe@ ZnS(3.0) 
(% FI change) 
H2O2 6.1 2.1 3.6 
O2
●- 4.8 5.3 1.3 
TBHP 5.0 4.7 0.4 
HO● 8.8 3.8 1.6 
NO 8.9 5.4 1.9 
NO2- 1.2 0.7 0.5 
NO3- 0.8 0.4 0.3 
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Fig. 4.9. Effects of co-existing ROS as tested interferences on the detection of 
ONOO- by the proposed QDs-based fluorescent probe. (Concentration of species 
= 1 x 10-6 M, ONOO- = 5 x 10-8 M, MPA-CdTe(2.7) = 1.0 x 10-5 M, MPA-
CdTe@ZnS(3.1) = 7.0 x 10-7 M GSH-CdTe@ZnS(3.0) = 6.7 x 10-7 M). Control = QDs 
+ ONOO-. t-Butyl hydroperoxide is abbreviated as TBHP. Solvent: 50 mM 
phosphate buffer at pH 9.4. Optimum concentration of respective QDs was used. 
 
4.3.3.     First-order decay kinetics 
In order to gain an insight into the interaction of ONOO- with CdTe and CdTe@ZnS 
QDs, the decay kinetics of ONOO- was monitored at room temperature by following 
the changes in its absorbance at 302 nm with time, Fig. 4.10. As shown in Fig. 4.10A 
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and the corresponding insets, the decay profiles, follows first order kinetics with a 
half life of 41.0 min for ONOO- (alone), (Table 4.8). The half-life value obtained for 
ONOO- (alone) using our method is comparable with the value of 45.6 min reported 
in literature [221].   In the presence of MPA-CdTe(2.7) QDs a significant blue shift (32 
nm) of the decay profile of ONOO- was observed (Fig. 4.10B) and the corresponding 
rate constant doubled while the half-life decreased by 55% to a value of 18.6 min, 
Table 4.8. However, in the presence of MPA-CdTe@ZnS(3.1) QDs, less blue shift (16 
nm) in the absorption spectra of ONOO- was observed (Fig. 4.10C). The half-life of 
ONOO- was more for GSH-CdTe@ZnS(3.0) QDs than when MPA-CdTe@ZnS(3.1) 
QDs is employed. This gives an indication that the type of capping ligand on the 
coreshell QDs influenced the reactivity of ONOO- as discussed above. 
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Fig. 4.10. UV/vis plot of the decay of ONOO- against time at 302 nm for (A) 
ONOO- alone, (B) ONOO- + MPA-CdTe QDs and (C) ONOO- + MPA-CdTe@ZnS 
QDs. Insets: First order decay plot of ln[ONOO-]/[ONOO-]0 against time for each 
case. Here [ONOO-] and [ONOO-]0 denotes the concentration of peroxynitrite 
present initially (t = 0 min) and after a certain time, t, respectively. 
 
Table 4.8. First order decay kinetics of ONOO- in the absence and presence of 
different QDs at pH 9.4 and 25 o C.  
Samples Rate constant 
(k/min-1) 
Half-life 
(t½/min) 
ONOO- alone 1.7 x 10-2 41.0 
ONOO- + MPA-CdTe(2.7) 3.7 x 10-2 18.6 
ONOO- + MPA-CdTe@ZnS(3.1) 2.9 x 10-2 24.2 
ONOO- + GSH-CdTe@ZnS(3.0) 1.6 x 10-2 43.5 
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4.3.4.     Mechanism  
In order to further elucidate the mechanism for ONOO- detection, we carried out 
fluorescence lifetime measurements on CdTe and CdTe@ZnS QDs. A decay curve 
similar to Fig 4.6 was obtained. As shown in Table 4.9, the fluorescence lifetimes 
evaluated from the triexponential decay curve of CdTe and CdTe@ZnS QDs 
remained virtually constant on addition of ONOO- when compared to the QDs in 
the absence of ONOO-. The lack of changes in the lifetimes of the QDs on addition of 
ONOO-, indicate that the interaction is static in nature which also implies that either 
a complex or a binding formation exist between ONOO- and the QDs. Our result is 
in agreement with literature for the interaction of L-cysteine CdTe with ONOO- 
[222]. 
Oxidation of fluorescent probes by ONOO- has been used as a tool to interpret the 
mechanism of ONOO- detection [222,227]. It is note-worthy that the oxidation of 
various substrates by ONOO- can take place via multiple reaction pathways which 
include: direct oxidation of the substrate by ONOO-, decomposition of ONOO- to 
highly reactive species which subsequently hydroxylates or oxidizes the substrate 
[226]. In the present study, it is proved through selectivity studies that neither 
decomposition products (NO3- and NO2-) of ONOO- mediated the fluorescence 
quenching of the QDs. There is an existence of Cd2+-thiolate complex on the surface 
of the QDs since MPA or GSH were used as capping ligands. As reported before, 
ONOO- can interact with Cd2+-thiolate, resulting in the detachment of the capping 
agent from the QDs surface which in turn would result in fluorescence quenching 
[222,229]. It also appears that the presence of the shell around the core of the QDs 
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influenced the sensitivity of the QDs to ONOO-, while the overall extent of this 
quenching was dependent of the type of capping ligand attached to the coreshell 
QDs (comparing the KSV values, Table 4.6). This may be further explained in terms of 
bond strength of the coordination linkage between QDs and the capping ligand. This 
implies that the QD-thiolate bond is much stronger in CdTe than CdTe@ZnS QDs 
and thus, the breaking of the QD-thiolate bond by the oxidative effect of ONOO- is 
more favourable for CdTe@ZnS than CdTe QDs.  
 
Table 4.9. Best-fit fluorescence lifetime values for a triexponential fit of MPA-
CdTe(2.7), MPA-CdTe@ZnS(3.1) and GSH-CdTe@ZnS(3.0) QDs in the absence 
and presence of an equivalent of [ONOO-] in 50 mM phosphate buffer, pH 9.4. 
         QDs   [ONOO-]                
  (µM )     
1 (ns)  
    ±0.1 
   2 (ns) 
    ±0.05 
   3 (ns)  
     ±0.03 
   MPA-CdTe(2.7) 0 
5.0 x 10-8 
26.2(0.73) 
26.1(0.72) 
8.3(0.24) 
8.4(0.25) 
1.5(0.03) 
1.5(0.03) 
MPA-CdTe@ZnS(3.1) 0 
5.0 x 10-8 
34.8(0.86) 
34.5(0.72) 
7.1(0.12) 
7.0(0.24) 
1.5(0.02) 
1.5(0.04) 
GSH-CdTe@ZnS(3.0) 0 
5.0 x 10-8 
55.1(0.93) 
55.0(0.90) 
11.0(0.06) 
11.2(0.09) 
1.0(0.01) 
1.2(0.01) 
 
4.3.5.     Conclusions 
We have successfully probed the sensitive and selective detection of ONOO- using 
QDs capped with MPA or GSH as a fluorescent probe for the first time. The 
sensitivity of the proposed probe (based on LOD) followed the order: MPA-
CdTe@ZnS(3.1) > GSH-CdTe@ZnS(3.0) > MPA-CdTe(2.7) QDs and the selectivity 
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followed the order: GSH-CdTe@ZnS(3.0) > MPA-CdTe@ZnS(3.1) > MPA-CdTe(2.7) 
QDs. LOD for ONOO- at pH 9.4 was much lower than the values obtained at pH 12. 
The varying degree of sensitivity of the proposed probe has been explained based on 
the oxidative effect of ONOO- on the QD-thiolate bond as well as the type of capping 
ligand attached to the surface of the QDs. Steric hindrance caused by the size of the 
GSH molecule on the coreshell QDs can prevent oxidative attack from co-existing 
species in solution making it attractive for the selective recognition of ONOO-. Decay 
kinetic studies provided supportive evidence that the reactivity of ONOO- was 
influenced by the type of QDs and capping ligand attached to it. Time resolved 
fluorescence measurement indicates the interaction between ONOO- and the QDs 
was static in nature. 
 
4.4.     General conclusions for the chapter 
In general, it can be seen that the interaction of the QDs with DPPH● and ONOO- 
was static in nature while electron transfer processes between the QDs and HO● was 
observed. The differences in quenching interaction of the QDs with these analytes 
may suggest that the surface chemistry of QDs is being influenced by the type of 
analytes that it interacts with.  
Judging from the LOD values obtained for the detection of HO● and ONOO-, it was 
generally observed that the core-shell QDs were more sensitive than their core 
counterpart. For the detection of HO●, core QDs with TGA capping was more 
sensitive than the MPA capping while core-shell QDs with GSH capping was more 
sensitive than MPA capping, whereas, for the detection of ONOO-, core-shell QDs 
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with MPA capping was more sensitive than for GSH capping. Hence, the varying 
degree of sensitivity of the core and coreshell QDs to HO● and ONOO- may depend 
on multiple factors derived from their inherent physicochemical properties such as 
capping agents, QD size, oxidative, photolytic and mechanical stability, which are 
individual and collective factors that can influence the sensitivity of the QDs to these 
analytes. 
For the selectivity studies for the detection of HO● and ONOO-, it was observed that 
when using core QDs, ONOO- interfered with the detection of HO●, while HO● 
interfered with the detection of ONOO-. Such interferences observed for the core 
QDs may suggest that they exhibit lesser shielding power from the oxidative effects 
from interfering species. The coating of the secondary shell (ZnS) on the core as 
observed in this work, proved to exhibit higher shielding power as judged by their 
better selectivity towards interfering species. 
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5.     Fluorescence detection of analytes using QDs-4AT 
This chapter reports on the detection of bromide ion using QDs-4AT nanoprobe. 
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5.1.     Optimization of Br- detection conditions on QDs-4AT nanoprobe 
The effect of pH in a range 5.2 – 9.0 was investigated. It was found that in the 
presence of Br-, the fluorescence intensity of QDs-4AT nanoprobe was effectively 
enhanced (Fig 5.1) and the fluorescence enhancement was related to the solution pH 
(Fig 5.2), nature of the buffer and QDs-4AT concentration. Maximum and stable 
fluorescence was obtained between pH 7.2 – 7.8. Therefore, pH 7.4 was selected in 
order to develop a sensitive and rapid spectrophotometric method for the 
determination of bromide ion using QDs-4AT nanoprobe.  
Different buffers, for example, PBS, acetate buffer, phosphate buffer, citric acid-
NaOH and Tris-HCl were examined and our results showed that Tris-HCl (50 mM) 
was best suited and was selected for further experiments.  
Also, the dependence of the relative fluorescence intensity on the concentration of 
QDs-4AT nanoprobe ranging from 0.1 – 1.0 µM was investigated in the presence of a 
fixed concentration of Br- (0.1 µM) (plot not shown). The relative fluorescence 
intensity increased with increase in the concentration of QDs-4AT and reached 
equilibrium when the concentration was more than 0.7 µM. Therefore, we chose 0.7 
µM as the concentration of QDs-4AT in this work. 
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Fig. 5.1. Fluorescence emission spectra of QDs-4AT in the presence of various 
concentrations of bromide ion. The addition sequence of the reagents: probe 
solution (0.7 µM of QDs-4AT), Tris-HCl buffer solution (50 mM, pH 7.4), and 
bromide ion (a-k; 0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09 and 0.1 µM). Inset: 
the linear relationship between fluorescence intensity and the concentrations of 
Br- in the range of 0 – 0.1 µM. 
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Fig. 5.2.  Effect of pH on the fluorescence of the reaction condition of 0.7 µM QDs-
4AT nanoprobe and 0.1 µM Br-. 
 
5.2.     Selectivity studies 
In order to evaluate the selectivity of the QDs-4AT nanoprobe toward Br-, the 
fluorescence response in the presence of other environmental metal ions, such as K+, 
Na+, Mg2+, Al2+, Fe3+, Ni3+, Cr3+, Zn2+, I-, CO32-, Ac-, SO32-, SO42-, NO3-, Cl- and F- were 
investigated under optimum conditions.  A tolerable error of ±5.0% in the relative 
fluorescence intensity was taken into consideration. As shown in Fig. 5.3, the 
fluorescence intensity of the QDs-4AT nanoprobe remained almost the same in the 
presence of K+, Na+, Mg2+, Al2+, I-, CO32-, Ac- , Br-, SO32-, SO42-, NO3-, Cl- and F-   even 
with concentrations 100 fold higher than that of bromide ion. This gives a strong 
indication of a high selectivity of the nanoprobe for bromide ion over other ions. In 
the presence of transitional metals ions of Fe3+, Ni3+ and Cr3+, the fluorescence of the 
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nanoprobe was effectively quenched (Fig. 5.3). This result indicates that the 
nanoprobe was highly selective towards Br-, but the quenching effect of transitional 
metal ions of Fe3+, Ni3+ and Cr3+ could affect the selectivity of the nanoprobe towards 
Br- detection. In general, the nanoprobe can specifically detect Br- based on 
fluorescence enhancement. 
 
 
Fig. 5.3.  Relative fluorescence response of QDs-4AT nanoprobe (0.7 µM) in the 
presence of Br- (0.1 µM), Cr3+ and Fe3+ (1.0 nM) and other ions (1.5 µM) at pH 7.4, 
50 mM Tris HCl. 
 
5.3.     Sensitivity of bromide ion towards QDs-4AT nanoprobe 
It was observed that the fluorescence intensity of QDs-4AT nanoprobe was 
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C
o
n
tr
 
K
+
 
N
a
+
 
M
g
2
+
 
A
l3
+
 
F
e
3
+
 
N
i3
+
 
C
r3
+
 
Z
n
2
+
 
I-
 
C
O
3
2
-_
 
A
c
- 
S
O
3
2
-_
 
S
O
4
2
-_
 
N
O
3
- 
C
l-
 
F
- 
B
r-
 0 
20 
40 
60 
80 
R
e
la
ti
ve
 f
lu
o
re
sc
e
n
c
e
 i
n
te
n
si
ty
 (
a
.u
.)
 
130 
 
emission peak shift was observed even at relatively high concentrations of Br- (Fig. 
5.1). A calibration curve of fluorescence signals versus the concentrations of Br- was 
plotted (Inset: Fig. 5.1). The LOD was evaluated and the value of 0.6 nM was 
obtained, Table 5.1. The linear range was between 0.01 – 0.13 µM and corresponded 
to a correlation coefficient of 0.995.  In comparison with the few reported methods 
for Br- detection [230-236], this method provides an improvement in sensitivity, 
selectivity, simplicity and rapidity for Br- detection (Table 5.1). 
 
Table 5.1. Comparison of the sensitivity of the proposed QDs-4AT nanoprobe 
with some published analytical techniques for Br- detection. 
Technique Detection 
limit 
Linear range References 
Fluorescence 
enhancement 
0.6 nM 0.01 – 0.13 µM This work 
Electromagnetic fields 2.0 x 10-5 M 1.0 x 10-1 – 3.2  x 10-5 M [229] 
Ion chromatography 3.0 µg/L - [230] 
Ion chromatography 4.5 mg/L - [231] 
Ion chromatography 0.1 µg/L - [232] 
Ion chromatography 0.058 mM 0.010 -0.10 mM [233] 
Ion chromatography 2.0 µg/L - [234] 
Flow injection 6.0 x 10-3 M 1.0 x 10-3 -1.0 x 10-2 M [235] 
 
5.4.     Reaction mechanism 
The fluorescence decay curve of the QDs-4AT in the absence and presence of Br- is 
shown in Fig. 5.4. As shown in Table 5.2, in the presence of varying concentrations of 
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Br-, the fluorescence lifetime of the QDs-4AT nanoprobe decreased and thus suggests 
dynamic quenching processes. Since 4AT quenches the fluorescence of the QDs we 
assume the relative fluorescence enhancement in the presence of Br- may be ascribed 
to electron transfer (ET) from the Br- to QDs-4AT [237]. As shown in Scheme 5.1, Br- 
is converted to bromine molecule due to electron loss, while the nitroxyl radical 
moiety of the QDs-4AT nanoprobe acts as an electron acceptor. 
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Fig. 5.4.  Fluorescence decay curves of QDs-4AT in the absence (red) and presence 
(blue) of 0.03 µM bromide ion in 50 mM Tris-HCl pH 7.4. 
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Table 5.2. Best-fit fluorescence lifetime values for a triexponential fit of QDs-4AT 
nanoprobe with bromide ion concentrations in 50 mM Tris-HCl buffer pH 7.4. 
Nanoprobe [Br-] 
(µM) 
1 (ns) 
±0.1 
2 (ns) 
±0.06 
3 (ns) 
±0.05 
 
 
QDs-4AT 
 
 
0 
0.01 
0.02 
0.03 
 
70.8(0.87) 
69.7(0.87) 
66.6(0.88) 
62.5(0.90) 
17.0(0.12) 
16.3(0.12) 
15.0(0.11) 
12.7(0.09) 
2.4(0.01) 
2.3(0.01) 
2.0(0.01) 
1.7(0.01) 
 
 
Scheme 5.1. Proposed mechanism of interaction between QDs-4AT nanoprobe 
and bromide ion. 
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EPR investigations on the interaction between 4AT and CdTe QDs as well as QDs-
4AT nanoprobe and Br- have been carried to further elucidate the ET reaction 
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shows the three characteristic 14N hyperfine splitting in Fig. 5.5A (blue line), as 
previously reported in literature [238,239]. Addition of 0.7 µM CdTe QDs to a 
solution of 4AT led to a slight broadening of the EPR signal of the peak (Fig. 5.5A, 
red line) accompanied by a decrease in the peak-to-peak height. This observation is 
consistent with literature [238]. As reported before [238], the broadening arises as a 
result of restricted mobility and slow tumbling of the nitroxide due to attachment to 
the QD surface. Apart from the broadening, a shift in the EPR signal to lower field 
on addition of CdTe QDs was observed. One possible reason for the observed shift 
may be due to the size effect of the QDs. No shifting of EPR signal was observed in 
literature for interaction of hydrophobic CdSe QDs with 4AT [238]. Thus, the surface 
properties of GSH-capped CdTe QDs used in this work are expected to be different 
due to solubility, surface ligands, synthetic conditions and particle size. To probe the 
fluorescence recovery of QD-4AT nanoprobe in the presence of Br-, EPR studies were 
carried out. CdTe QDs did not show any signal in the EPR spectrum. Therefore, we 
expect that if electron from Br- was transferred to the nitroxyl radical moiety of QD-
4AT nanoprobe and was irreversible, a diminution in the EPR signal would occur. 
The EPR spectrum of the QDs-4AT nanoprobe in 50 mM Tris-HCl pH 7.4 in Fig. 5.5B 
(black line) shows a narrower and sharper signal and a higher peak-to-peak height at 
high, central and low fields respectively as compared to 4AT alone (Fig 5.5A, blue 
line). The absence of a broadening for QD-4AT may suggest that the mobility of the 
nitroxide (conjugated via an amide bond to the QD) is not restricted and hence can 
accept electron. Upon addition of Br- to the QD-4AT nanoprobe solution, a 
significant decrease of the EPR signal was observed as shown in Fig. 5.5B (green 
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line) indicating that part of the nitroxide has been transformed to a nonparamagnetic 
specie. In the presence of Br-, a complete loss of the EPR signal was not observed, 
therefore, we can conclude that QD-4AT reduction could be due to electron transfer 
from the bromide ion to the nitroxyl moiety of QD-4AT nanoprobe (Scheme 5.1). 
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Fig. 5.5. EPR spectra of (A) 4AT (4 mM) and upon successive addition of 0.9 µM 
CdTe QDs. (B) QD-4AT nanoprobe (0.7 µM) and addition of 0.1 µM bromide ion. 
Solvent: 50 mM Tris-HCl buffer pH 7.4. 
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5.6.     Conclusions 
In summary, QDs-4AT was utilized as a luminescent nanoprobe for Br- sensing. This 
work proposed a sensitive and selective determination of bromide ion based on the 
fluorescence enhancement of QDs-4AT nanoprobe and the LOD obtained was 0.6 
nM. This method is advantageous to practical applications from the perspectives of 
detection sensitivity and selectivity.  
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6.     QDs-MPc conjugates for analyte detection 
This chapter reports the use of QDs conjugated to MPc for use as fluorescence 
probes for analyte sensing. The effects of the central metal, substituents on the 
MPc ring and mechanism of interaction are reported. 
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6.1.     Effects of central metals using MTAPc 
This study presents an investigation into the efficiency of sensing of H2O2 (used as a 
test molecule) using MPA-CdTe@ZnS QDs (3.0 nm) linked to (Cl)AlTAPc (1), 
NiTAPc (3) and ZnTAPc (4). The QDs were also linked to metal free (H2)TAPc to test 
its efficiency for sensing of H2O2 in comparison to the MTAPcs. The general purpose 
of this study is to elucidate the effect of the central metal of the MPc on the overall 
sensor sensitivity and selectivity towards H2O2. Table 6.1 shows a list of all the QDs- 
conjugates employed in this work together with their corresponding LOD and linear 
range. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
139 
 
Table 6.1. List of QDs-conjugates employed for fluorescence sensing using 
enhancement processes. The sizes of the QDs, the analytes detected, linear range 
and LOD are included. Solvent: pH 7.4 buffer. 
QDs-conjugates Analytes Linear range (M) LOD (M) 
MPA-CdTe@ZnS(3.0)-1 H2O2 1.0 x 10-9 - 1.6 x 10-8 9.8  10-9 
MPA-CdTe@ZnS(3.0)-3 H2O2 1.0 x 10-9 - 1.6 x 10-8 4.4  10-9 
MPA-CdTe@ZnS(3.0)-4 H2O2 1.0 x 10-9 - 1.6 x 10-8 2.2  10-9 
GSH-CdTe@ZnS(3.6)-2 GSH 2.0 x 10-9 - 4.8 x 10-8 3.34 x 10-10 
GSH-CdTe@ZnS(3.6)-2 Cysteamine 6.5 x 10-9 - 1.6 x 10-7 1.71 x 10-9 
GSH-CdTe@ZnS(3.6)-2 TBHP 4.5 x 10-8 - 5.4 x 10-7 4.44 x 10-9 
GSH-CdTe@ZnS(3.6)-2 ClO4- 6.5 x 10-8 - 1.6 x 10-7 8.15 x 10-9 
GSH-CdTe@ZnS(3.6)-2 HO● 4.2 x 10-9 - 2.8 x 10-8 1.98 x 10-10 
MPA-CdTe@ZnS1(3.0)-2 O2-
● 1.0 x 10-7 - 1.0 x 10-6 2.1  10-9 
MPA-CdTe@ZnS2(3.4)-2 O2-
● 1.0 x 10-7 - 1.0 x 10-6 2.4  10-9 
GSH-CdTe@ZnS1(2.6)-3 Br- 1.0 x 10-9 - 4.8 x 10-8 1.62 x 10-10 
GSH-CdTe@ZnS2(3.4)-3 Br- 1.0 x 10-9 - 4.8 x 10-8 2.14 x 10-10 
GSH-CdTe@ZnS3(3.6)-3 Br- 1.0 x 10-9 - 4.8 x 10-8 2.54 x 10-10 
MPA-CdSe@ZnS(4.6)-5 F- 1.5 x 10-9 - 1.2 x 10-7  2.30 x 10-10 
MPA-CdSe@ZnS(4.6)-6 F- 1.5 x 10-9 - 1.2 x 10-7  1.04 x 10-10 
GSH-CdSe@ZnS(4.7)-5 F- 1.5 x 10-9 - 1.2 x 10-7  1.78 x 10-10 
GSH-CdSe@ZnS-6 F- 1.5 x 10-9 - 1.2 x 10-7  1.42 x 10-10 
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GSH-CdSe@ZnS-7 Hg2+ 1.2 x 10-9 - 3.8 x 10-8 2.0 x 10-10 
GSH-CdSe@ZnS-8 Hg2+ 1.2 x 10-9 - 3.8 x 10-8 5.7 x 10-11 
 
6.1.1.     Fluorescence “turn ON” for the detection of H2O2 
We explore the possibility of the fluorescence of the linked QDs being “turned ON” 
when interacted with H2O2. The presence of different MTAPc covalently linked to 
the QDs could have a significant influence on the sensitivity of the nanoprobe. 
Hence, a comparative investigation using, H2TAPc, 1, 3 and 4 was carried out. Upon 
addition of H2O2 to QDs-1 (Fig. 6.1A), QDs-3 (Fig. 6.1B) and QDs-4 (Fig. 6.1C) 
nanoprobe, the fluorescence of the linked QDs was progressively recovered with the 
successive increase in H2O2 concentration. However, for QDs-H2TAPc (Fig. 6.1D), 
there was no significant fluorescence enhancement in the presence of varying 
concentrations of H2O2. This implies that H2O2 does not have any direct interaction 
with the emission of QDs-H2TAPc and thus gives a strong indication that the 
presence of the central metal attached to the MPc, plays a major role in determining 
the fluorescence property of the QDs-MTAPc on interaction with targeted species.  
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Fig. 6.1. Fluorescence emission spectra of (A) QDs-1, (B) QDs-3, (C) QDs-4 and (D) 
QDs-H2TAPc upon addition of varying concentration of H2O2. Inset: calibration 
curve of F/F0 versus H2O2 concentration. [H2O2], a-f: 0, 1.0 x 10-9, 2.0 x 10-9, 4.0 x 10-9, 
8.0 x 10-9 and 1.6 x 10-8 M. λexc = 490 nm. 
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It is worth noting that the QDs alone could not detect H2O2 with a stable 
fluorescence signal at the same concentration (of H2O2) used for the QDs-MTAPc 
complexes. Hence, H2O2 can only be detected at a much higher concentration by 
quenching (not enhancement reported here) of the fluorescence of the QDs alone as 
compared to lower concentrations detected by the QDs-MTAPc. Hence, the QDs-
MTAPc nanoprobe shows higher sensitivity. 
In order to evaluate the fluorescence enhancement sensitivity of the probe, the 
fluorescence intensities of the QDs-MTAPc in the absence (F0) and presence (F) of 
H2O2 was investigated using Eq. 6.1. 
 
  
                                                                                                                                   
 
Please note that Eq. 6.1 relates to F/F0 (due to enhancement of fluorescence) instead 
of F0/F usually employed for quenching of fluorescence (Eq. 4.1). As displayed in 
the insets of Fig. 6.1A – 6.1C, plots of F/F0 against H2O2 concentrations were linear. 
Using the value of K as a measure of degree of sensitivity of the nanoprobe, the 
sensitivity followed the order: QDs-4 > QDs-3 > QDs-1 (Table 6.2). Thus, the rate is 
faster for Zn followed by Ni. Quantitative analysis of this method showed a good 
LOD for H2O2 (Table 6.3) and followed the order of sensitivity of the nanoprobe. To 
the best of our knowledge, there are no reports on H2O2 detection using QDs-
macrocyclic complexes. Hence, we compared our LOD values with other QDs based 
probe for H2O2 [240-242] and results showed our system offered an improvement in 
the LOD (Table 6.3). 
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Table 6.2. Sensitivity values (K) for the QDs-MTAPc nanoprobe and fluorescence 
lifetimes for a triexponential fit of QDs (alone) and QDs-MTAPc nanoprobe in the 
absence and presence of H2O2 in 50 mM PBS buffer, pH 7.4.  
Samples H2O2[M] 1 (ns) 
±0.1 
2 (ns) 
±0.1 
3 (ns) 
±0.02 
K(M-1) 
QDs 0 
1.6 x 10-8 
42.6(0.56) 
42.6(0.57) 
13.8(0.39) 
13.8(0.37) 
2.6(0.05) 
2.5(0.06) 
- 
QDs-1 0 
1.6 x 10-8 
24.7(0.57) 
46.1(0.61) 
8.3(0.37) 
8.9(0.37) 
1.6(0.06) 
2.0(0.02) 
3.72 x 107 
QDs-3 0 
1.6 x 10-8 
31.2(0.56) 
46.9(0.48) 
7.9(0.36) 
15.2(0.45) 
1.6(0.08) 
3.0(0.07) 
8.25 x 107 
QDs-4 0 
1.6 x 10-8 
31.2(0.54) 
42.7(0.59) 
6.5(0.38) 
13.5(0.36) 
0.8(0.08) 
2.2(0.05) 
1.67 x 108 
 
Table 6.3. Comparison of the LOD of the proposed nanosensor with some 
published data for H2O2 detection using the QDs-MTAPc nanoprobe. Solvent:  50 
mM PBS pH 7.4. 
QDs Probe LOD References 
QDs-AlTAPc 9.8 nM This work 
QDs-NiTAPc 4.4 nM This work 
QDs-ZnTAPc 2.2 nM This work 
CdSe@ZnS-Horseradish 284 nM [240] 
CdS-FePt dimer 18.7 µM [241] 
CdTe-Hemoglobin 2230 nM [242] 
145 
 
6.1.2.     Fluorescence lifetime measurement 
Fig. 6.2 shows the fluorescence decay curve of QDs-1 (used as an example) in the 
absence and presence of a fixed concentration of H2O2. As shown in Table 6.2, the tri-
exponential decay lifetimes of the QDs-MTAPc complexes were substantially 
increased when H2O2 was added. When the same equivalent concentration of H2O2 
was added to the QDs alone, no change in the fluorescence lifetime of the QDs was 
observed (Table 6.2). 
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Fig. 6.2. Overlay of the fluorescence decay curves of QDs-1 (as a representative) in 
the absence and presence of 1.6 x 10-8 M H2O2.  
Based on the data discussed above, the reaction mechanism can be generalised by 
means of an “off/on” fluorescence principle in which the QD transfers its energy to 
MTAPc through FRET. This then led to a radiationless deactivation of the excited 
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state of the QDs and the fluorescence is quenched. Upon addition of H2O2, the FRET 
process is interrupted and the fluorescence of the QDs is switched on.  
Additionally, since H2O2 is a known oxidant, it is also possible that oxidation by 
MTAPc-H2O2 complex switched on the fluorescence of the QDs [243]. Soh et al [243], 
have previously shown that oxidation by H2O2 switches on the fluorescence of 7-
hydroxy-2-oxo-N-(2-(diphenylphosphino) ethyl)-2 H-chromene-3-carboxamide. 
 
 
6.1.3.     Selectivity studies 
Since it is ideal for an efficient fluorescent probe to combine both sensitivity and 
selectivity for its efficacy, the proposed QDs-MTAPc nanosensor selectivity towards 
H2O2 was investigated. The fluorescence intensity change of a fixed concentration of 
QDs-MTAPc was studied in the presence of 200-fold excess of co-existing biological 
active species such as: cysteamine (cys), ClO4-, GSH, urea, NO2-, NO3-, L-cysteine (L-
cys), HO●, TBHP, O2●- and ONOO-. A tolerance error of ±5% in fluorescence 
intensity (FI) change was taken into consideration. As shown in Table 6.4, the 
fluorescence response of all co-existing species to the proposed nanosensor varied, 
depending on the nature of the nanoprobe. Generally, it can be seen from Table 6.4 
that even though QDs-4 showed excellent sensitivity towards H2O2 as previously 
discussed, it suffered from severe interferences from species like, ClO4-, GSH, HO●, 
TBHP and O2●-. It is important to note that H2O2 interfered with HO● sensing when 
using QDs alone, chapter 4. Hence this QDs-4 probe is not very selective towards 
H2O2. For QDs-1 the fluorescence of all co-existing species was rather slight except 
for TBHP but for QDs-3, the effects of all co-existing species were negligible and thus 
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make QDs-3 the most selective nanoprobe for H2O2. Therefore, the order of 
selectivity of the nanoprobe is: QDs-3 > QDs-1 > QDs-4. Thus, the order of selectivity 
of the nanoprobe did not follow the same trend with the sensitivity (QDs-4 > QDs-3 
> QDs-1). As previously discussed, the order of sensitivity of a probe towards ROS 
may not follow similar trends with its selectivity because steric effects and oxidative 
shielding of the probe may differ in the presence of co-existing species. In order to 
prove the selectivity, DFT calculations showed that there is more electron density on 
the ring for 3 (0.208) (Fig. 6.3), followed by 1 (0.206) and 4 (0.188) probably due to the 
stronger coordination of the amino substituents to the central metal through the 
nitrogen atoms. The trend in electron density of the MTAPc was the same with the 
selectivity trend of the nanoprobe. This may suggest that steric effect and shielding 
from oxidative attack was more for QDs-3 than for the other nanoprobes. Since a 
mutual balance between sensitivity and selectivity need to be achieved for an 
efficient probe, QDs-3 is the most effective nanoprobe for H2O2. 
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Fig. 6.3. Frontier molecular orbital structure of compound 3 (as a representative) 
used for DFT calculation. 
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Table 6.4. Percentage fluorescence intensity (% FI) change of co-existing biological 
active species on the detection of 4.0 x 10-9 M H2O2 by the proposed QDs-MTAPc 
nanoprobe. Concentration of interfering ions = 8.0 x 10-7 M. Solvent:  50 mM PBS 
pH 7.4. 
Species QDs-1 
(%FI) 
QDs-3 
(%FI) 
QDs-4 
(%FI) 
Cysteamine +3.6 +2.2 +1.8 
ClO4- -0.3 -2.1 -10.9 
GSH +4.0 -0.8 -9.2 
UREA -0.1 -0.6 -2.4 
NO2- -3.3 -2.6 -2.0 
NO3- +1.9 -2.1 -5.0 
L-cysteine +1.4 -2.0 -5.1 
HO● -3.7 -4.8 -8.2 
TBHP -5.1 -1.3 -11.9 
O2●- -2.3 -1.4 -9.4 
ONOO- +1.9 +1.6 +4.8 
 
 
6.1.4.     Conclusions 
We have demonstrated in this work that MPcs containing amino substituent can be 
covalently linked to QDs to form a QDs-MTAPc nanoconjugate which can be 
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applied as a luminescence nanosensor for ROS detection with varying degree of 
sensitivity and selectivity. Experimental results showed that interaction between the 
QDs and MTAPc occurred through FRET which in turn “turned OFF” the 
fluorescence of the QDs. In the presence of varying concentrations of H2O2, the 
fluorescence of the QDs was “turned ON” and the degree of sensitivity/LOD 
followed the order: QDs-4 > QDs-3 > QDs-1. The selectivity of the proposed 
nanosensor followed the order: QDs-3 > QDs-1 > QDs-4. However, unmetallated Pc 
showed no change in fluorescence intensity in the presence of H2O2. 
 
6.2.     Survey of analyte detection on QDs-CoTAPc probe 
The purpose of this study is to compare the efficiency of sensing different analytes 
using QDs-MPc probe as an attempt to: (1) explain why some analytes are detected 
with more specificity than others and (2) to elucidate the reaction mechanism in 
more detail, in the presence of the different analytes. CoTAPc (2) was selected as an 
example because the effects of different metals presented in section 6.1 showed that 
the fluorescence enhancement occurs regardless of the central metal attached to the 
Pc ring. CoTAPc (2) was linked to GSH-CdTe@ZnS(3.6) QDs (as an example) and 
employed as a probe for the screening of different analytes (ONOO-, GSH, 
cysteamine, L-cysteine, TBHP, ClO4-, HO●, NO2-, NO3-, O2-●, Br-, F-, DPPH● and urea) 
of biological importance. 
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6.2.1.     Fluorescence quenching vs enhancement 
Among the different analytes screened, an enhancement of the fluorescence emission 
of the QDs-2 nanoprobe was observed for ONOO-, GSH, cysteamine, TBHP, ClO4-, 
HO●, O2-●, Br- and F-. Figures similar to Fig. 6.1A - 6.1C were obtained. Thus, the 
fluorescence “ON mode” of the QDs in the conjugate was activated and showed a 
linear regression. However, analytes such as NO2-, NO3- and L-cysteine and urea 
showed no enhancement of fluorescence of the QDs-2 nanoprobe. Analytes such as 
NO2- and NO3- have been reported [244] not to restore the quenched fluorescence of 
QDs-Ni2+ system due to their weaker interaction with Ni2+. DPPH● on the other 
hand, showed continued quenching of the QDs fluorescence (Figure not shown). The 
LOD was determined and the variations in the LOD values and linear range are 
listed in Table 6.5 for selected analytes that “turned on” the fluorescence of the 
nanoprobe. 
 
Table 6.5. Linear range and LOD values for the fluorescence “turn ON” of QD-2 
nanoprobe in the presence of different analytes.  
Analytes Linear range (M) LOD (M) 
GSH 2.0 x 10-9 - 4.8 x 10-8 3.34 x 10-10 
Cysteamine 6.5 x 10-9 - 1.6 x 10-7 1.71 x 10-9 
TBHP 4.5 x 10-8 - 5.4 x 10-7 4.44 x 10-9 
ClO4- 6.5 x 10-8 - 1.6 x 10-7 8.15 x 10-9 
●OH 4.2 x 10-9 - 2.8 x 10-8 1.98 x 10-10 
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6.2.2. Possible mechanism of QDs-CoTAPc-based “turn-ON” sensor  
In order to further deduce the mechanism of the analytes response towards QDs-
MPc probe, the absorption spectrum of the nanoconjugate was studied in the 
presence of each analytes. As reported before [154], the QDs emission is “turned on” 
when the free motion of the surface substituents of the QDs is suppressed. This gives 
rise to an ordered orientation or improved rigidity of the surface substituent, which 
may suppress the QDs quenching and thus enhance the fluorescence intensity. Axial 
ligation to 2 could change the rigidity of its motion. As shown in Fig. 6.4A, the 
addition of each analyte to the solution of QDs-2 caused an increase in the 
aggregation and a decrease in aggregation for GSH (Fig. 6.4B). Aggregation is 
judged by the enhancement of the high energy peak (Fig. 6.4A) and disaggregation 
by the decrease in this peak relative to the monomer peak in Fig. 6.4B. The 
enhancement of the aggregate was also observed for DPPH● where quenching of 
fluorescence was continued. The aggregate (dimer)-monomer equilibrium in Pcs is 
affected by many factors including ionic strength [245] and the nature of ring 
substituents. In the case of GSH, the bulky nature of the analyte could have resulted 
in the disaggregation of the loosely bound “H” aggregates as seen in Fig. 6.4B. Thus, 
axial ligation of the analytes to QDs-2 could not be proved due to aggregation. 
Hence, the studies for axial ligation of analytes were done for unlinked 2, since it 
showed no aggregation (Fig. 6.5). Slight changes in the Q band on addition of the 
analytes are typical of axial ligation [246].  The spectral changes (blue shift) observed 
in the Q Band, Table 6.6 and Fig. 6.5, when cysteamine, ONOO-, HO●, ClO4- and 
TBHP, were added to 2 solution suggest axial ligation to 2 [246]. Similar behaviour 
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(blue shift) was also observed for O2-●, Br- and F-. For GSH (Fig. 6.5), a red shift was 
observed, Table 6.6. We propose in this work that cysteamine, ONOO-, ClO4-, TBHP, 
●OH, GSH, O2-●, Br- and F- may change the orientation of 2 via axial ligation resulting 
in enhancement of fluorescence (Scheme 6.1). For NO2-, NO3, urea and L-cysteine, 
there was no shift in the Q band corresponding to no response in the fluorescence 
intensity. 
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Fig. 6.4. UV/vis absorption spectra of QDs-2 upon addition of (A)  5.4 x 10-7 M 
[DPPH●] or [TBHP],  1.6 x 10-8 M  [ONOO-], 1.6 x 10-6 M [HClO4], 2.8 x 10-8 M [●OH] 
and 1.6 x 10-7 M [Cysteamine] and (B) (a) [GSH] (a-d); 0, 2.0 x 10-9,  6.0 x 10-9 M, 1.2 x 
10-8 M.  [QDs-2] = 6.1 x 10-7 M. PBS buffer, pH 7.4. 
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Fig. 6.5. UV/vis absorption spectra of 2 upon addition of selected analytes. 
[Cysteamine] = 1.6 x 10-7 M, [ONOO-] = 1.6 x 10-8 M, [●OH] = 2.8 x 10-8 M, [ClO4-] = 
1.6 x 10-6 M, [GSH] = 1.2 x 10-8 M, [TBHP] = 5.4 x 10-7 M and [2] =8.1 x 10-6 M. 
Solvent: DMF:PBS buffer (3:1, v/v). 
 
 
 
 
 
 
 
 
 
 
0 
0.5 
1 
1.5 
2 
300 400 500 600 700 800 
A
b
so
rb
a
n
c
e
 
Wavelength (nm) 
2 
2-cysteamine 
2-ONOO- 
2-HO● 
2-ClO4
- 
2-GSH 
2-TBHP 
156 
 
Table 6.6. Fluorescence lifetime data for QDs-2 nanoprobe in the absence and 
presence of some selected analytes. The absorption wavelengths of the Q band 
position of the different analytes upon interaction with QDs-2 nanoprobe are also 
included. 
Samples  Analyte  
 
Q-band 
(nm) in 
DMF:PBS 
buffer 
Amount 
added 
[M]                
   1 (ns)  
    ±1.0 
   2 (ns) 
    ±0.4 
   3 (ns)  
     ±0.1 
Mean 
Lifetime 
(ns) 
QDs No analyte - 8.1 x 10-7 66.1(0.86) 11.7(0.12) 0.8(0.08) 26.2 
 No analyte 704 6.1 x 10-7 22.7(0.44) 3.5(0.32) 0.3(0.24) 8.8 
 Cysteamine 698 1.6 x 10-7 57.7(0.82) 8.6(0.16) 0.5(0.02) 22.3 
 ONOO- 698 1.6 x 10-8  60.7(0.83) 11.2(0.15) 0.9(0.02) 24.3 
QDs-2 GSH 718 4.8 x 10-8 87.7(0.89) 15.3(0.10) 1.2(0.01) 34.7 
 ClO4- 700 1.6 x 10-6 86.0(0.87) 16.4(0.12) 1.5(0.01) 34.6 
 TBHP 698 5.4 x 10-7 57.5(0.82) 8.6(0.15) 0.6(0.03) 22.2 
 ●OH 700 2.8 x 10-8 90.5(0.87) 16.2(0.11) 1.2(0.02) 40.0 
 DPPH● 701 1.4 x 10-8 16.7(0.49) 3.1(0.33) 0.2(0.18) 6.7 
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Scheme 6.1. Schematic representation of the fluorescence “turn ON” for different 
analytes using the QDs-2 nanoprobe. 
 
6.2.3. Fluorescence life-time measurements 
From Table 6.6, it can be seen that the mean triexponential fluorescence lifetimes of 
QDs-2 nanoprobe decreased (in the absence of the analytes) remarkably when 
compared to QD619 alone. The decrease in lifetimes of QDs-2 nanoprobe provides 
further answers to the observed fluorescence quenching of the QDs when conjugated 
to 2 as discussed above. However, the most important observation is the significant 
increase in the mean fluorescence lifetime of the QDs-2 nanoprobe on interaction 
with a fixed concentration of some selected analytes (cysteamine, ONOO-, GSH, 
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ClO4-, TBHP and ●OH) that “turned ON” the fluorescence of the nanoprobe. 
Therefore, the fluorescence lifetime data compliments the fluorescence enhancement 
effects of the nanoprobe on interaction with cysteamine, ONOO-, GSH, ClO4-, TBHP 
and ●OH. In the presence of DPPH●, a staggering decrease in the mean lifetime of the 
nanoprobe was observed. This further corroborates the fluorescence quenching 
effect of the nanoprobe on interaction with DPPH●.  For other analytes: NO2-, NO3-, 
L-cysteine and urea, there were no changes in the fluorescence lifetimes. 
 
6.2.4.     Conclusions 
GSH-CdTe@ZnS(3.0) QDs were conjugated to 2 to form a QDs-2 nanoconjugate 
system. Different analytes of biological importance were screened for their 
fluorescence response on the nanoprobe. The results showed that some analytes 
have the tendencies to either “turn on”, others further quench or show no effect on 
the fluorescence property of the nanoprobe. The results presented here indicate that 
QDs decorated with Pcs have huge prospect for the construction of versatile 
fluorescent nanosensors for “turn on” sensing of biological active analytes, 
depending on their interaction with the probe. 
A selection (O2-●, Br- and F-) of the analytes which enhanced the fluorescence of the 
nanoprobe are studied in detail below. 
 
6.3.     Detailed studies on the detection of superoxide anion  
MPA-CdTe@ZnS (3.0 nm) and MPA-CdTe@ZnS (3.4 nm) QDs were chosen in this 
study since MPA-CdTe@ZnS QDs were found to be superioir for ONOO- detection 
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(section 4.3). Co was chosen as a central metal for the Pc because Co 
tetrasulphonated-phthalocyanine (CoTSPc) has been reported to mimic the activity 
of Cytochrome c [247]. Cytochrome c is known to be selective towards O2●- when 
coupled with QDs [248]. We chose Co as a central metal for the TAPc ring and 
investigated its ability to selectively recognise O2●- when coupled to the QDs. 
Compound 2 can be covalently linked to QDs forming a stable amide bond. Hence, 2 
was employed in this work instead of CoTSPc. The QDs were either chemically 
linked to 2 or mixed (without a chemical bond). The studies were done in DMF:PBS 
mixture to enhance solubility of the conjugates.  
 
6.3.1.     Time-resolved fluorescence measurements 
Fluorescence lifetime measurement was employed to further understand the 
interaction between the QD and MPc. The decay curves for QDs-2 revealed 
triexponential decay kinetics (Table 6.7) as discussed above for other QDs-MPc 
conjugates. The average lifetimes are listed in Table 6.7. It was observed that the 
fluorescence lifetime of the QDs in the conjugates showed shorter lifetimes 
compared to the lifetime of the QDs before conjugation to 2 (Table 6.7). The decrease 
in the lifetime of the QDs in the conjugate may be attributed to FRET (and other 
processes stated above that decrease fluorescence) in QDs-2 [249].  In general, it can 
be seen from Table 6.7 that the fluorescence lifetime of the QDs in the conjugate 
(linked) increased on interaction with a fixed concentration of O2●-. This gives an 
indication that O2●- can switch on the fluorescence of the QDs in the conjugate. The 
overall trend suggests that the covalent linking of the QDs to 2 plays a crucial role 
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for the molecular recognition of O2●-, as judged by the increment of lifetimes in the 
presence of O2●-. When mixed with no chemical bond, the lifetimes in the presence of 
O2●- decreased, Table 6.7. 
   
Table 6.7. Fluorescence lifetimes values QDs-2 nanoconjugates in the absence and 
presence of O2●-.  The fluorescence lifetime values for the QDs-2 (mixed) is also 
included. Solvent DMF:PBS (3:1) pH 7.4. 
         Samples  O2●-  [M]                1 (ns)  
    ±0.1 
   2 (ns) 
    ±0.07 
   3 (ns)  
     ±0.02 
Mean 
lifetime (ns) 
(±0.1) 
MPA-CdTe@ZnS(3.0) 0 
3.0 x 10-7 
43.8(0.50) 
43.7(0.52) 
14.9(0.44) 
14.5(0.42) 
2.8(0.06) 
2.7(0.06) 
20.5 
20.3 
MPA-CdTe@ZnS(3.4) 0 
3.0 x 10-7 
46.4(0.62) 
46.3(0.62) 
15.8(0.34) 
15.9(0.34) 
2.9(0.04) 
2.9(0.04) 
21.7 
21.7 
MPA-CdTe@ZnS(3.0)-2-linked 0 
3.0 x 10-7 
41.9(0.56) 
45.6(0.58) 
12.2(0.38) 
14.9(0.37) 
2.3(0.06) 
2.5(0.05) 
18.8 
21.0 
MPA-CdTe@ZnS(3.4)-2-linked 0 
3.0 x 10-7 
32.2(0.60) 
45.7(0.65) 
8.5(0.35) 
15.6(0.31) 
1.8(0.05) 
2.7(0.04) 
14.2 
21.3 
MPA-CdTe@ZnS(3.0)-2-mixed 0 
3.0 x 10-7 
27.4(0.54) 
15.0(0.54) 
6.8(0.41) 
4.4(0.41) 
1.7(0.05) 
1.1(0.05) 
12.0 
6.8 
MPA-CdTe@ZnS(3.4)-2-mixed 0 
3.0 x 10-7 
38.0(0.65) 
33.8(0.65) 
11.8(0.31) 
9.4(0.31) 
2.4(0.04) 
2.3(0.04) 
17.4 
15.2 
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6.3.2.     EPR studies 
The O2●- generated in alkaline DMSO is known to be stable [196,197].  Also, O2●- has 
been shown to be highly stable when detected under physiological condition [198]. 
However, it is important to note that water content results in the accelerated decay 
of O2●-. Since DMF:PBS solvent mixture was employed in this study, EPR 
spectroscopy was used to study the stability of O2●- in alkaline DMSO and in 
DMF:PBS pH 7.4 (3:1). Fig. 6.6A shows the EPR spectrum of O2●- in alkaline DMSO 
and thus confirming this specie was successfully generated. When a solution of 
DMF:PBS pH 7.4 (3:1) (which was used for measurements) was added to O2●-, the 
EPR spectra recorded at 0 min (Fig. 6.6B) and after 2.5 h (Fig. 6.6C) showed no 
decomposition when compared to the spectrum of O2●- (without the solvent 
mixture). This gives a strong indication that O2●- was highly stable in this solvent 
medium and over time, which is necessary, since its detection (as discussed below) 
was finished within 2.5 h.  
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Fig. 6.6. EPR spectra showing the stability of O2●- formed in alkaline DMSO (A),  
O2●- formed in alkaline DMSO + DMF:PBS pH 7.4 (3:1) at 0 min (B) and after 2.5 h 
(C). 
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6.3.3.     Fluorescence enhancement 
Steady state fluorescence response of the QDs-2 in the presence of varying 
concentration of O2●- was examined. With an increase in O2●- concentration, the 
fluorescence signal of MPA-CdTe@ZnS(3.0)-2 (Fig. 6.7A) and MPA-CdTe@ZnS(3.4)-2 
(Fig. 6.7B) was markedly enhanced (as observed in Fig 6.1 A – 6.1C), giving a linear 
regression as indicated in the corresponding insets. For MPA-CdTe@ZnS(3.0)-2, 
there was no shift in the fluorescence signal of the linked QDs in the presence of 
increasing concentrations of O2●-, but  for MPA-CdTe@ZnS(3.4)-2, a red shift in the 
fluorescence signal on increasing the concentration of O2●-. The red shift may be 
associated with increased aggregation. It is reasonable to believe that the covalent 
linking of 2 to CdTe@ZnS QDs played a crucial role in the molecular recognition of 
O2●-. Since the fluorescence of the QDs in the conjugates was enhanced in the 
presence of O2●- (Fig. 6.7) and the fluorescence of the QDs (alone) was quenched in 
the presence of O2●- (figure not shown), we propose that compound 2 stabilized the 
QDs against quenching by the radical. It has been shown before that 2 stabilized 
CdTe QDs against oxidative disintegration [250].  
It is important to note that the quenching of the luminescence of the QDs (alone) in 
the presence of O2●- observed in our work, is consistent with literature [251]. The 
corresponding LOD for O2●- detection was calculated and the value for MPA-
CdTe@ZnS(3.0)-2 was 2.1 nM and that for MPA-CdTe@ZnS(3.4)-2 was 2.4 nM, Table 
6.1. The former is more sensitive for the optical recognition of O2●- as judged from 
the lower LOD value probably due to its smaller size. Compared with the few 
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literature LOD values for O2●- [252,253] ( 10-8 to 10-7 M range),  the use of our system 
offers an improvement in the LOD. 
 
Fig. 6.7. Effect of addition of different concentrations of O2●- on the fluorescence of 
(A) MPA-CdTe@ZnS(3.0)-2 and (B) MPA-CdTe@ZnS(3.4)-2. Concentration of O2●-: 
(a) 0, (b) 1.0 x 10-7, (c) 3.0 x 10-7 (d) 5.0 x 10-7, (e) 7.0 x 10-7, (f) 1.0 x 10-6. Inset: 
corresponding fluorescence signal vs [O2●-]. λexc = 400 nm. 
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6.3.4.     Selectivity of QDs-CoTAPc nanoconjugates 
The fluorescence signal of QDs-2-O2●- system in the presence of various possible co-
existing interfering species (TBHP, ONOO-, HO●, ClO4-, NO3-, NO2-, L-cysteine, 
cysteamine, GSH, and urea) was carried out to investigate the selectivity of the 
proposed nanosensor. Fig. 6.8, shows the effect of 1 x 10-3 M excess of relevant 
species on the luminescence signal of 3 x 10-7 M of O2●- with the QDs-2 
nanoconjugates. A tolerable error of ±5.0% in the relative fluorescence signal was 
taken into consideration. It can be seen from Fig. 6.8, that the fluorescence of the 
respective QDs-2-O2●- was unaffected, with none of the species causing any 
significant interference. That is, there was no change in fluorescence (enhancement 
or decrease) when these interfering specie were added to QDs-2-O2●-, meaning that 
QD-2 was highly selective towards O2●-. Therefore, the distinct discrimination 
between O2●- and other species makes it possible for QDs-2 to detect O2●- in the 
presence of co-existing species with no interference. We can conclude that the QDs-2 
is highly selective towards O2●- . 
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Fig. 6.8. Co-existing effects of different interfering species on the fluorescence of 
the QDs-2-O2●- system. Concentration of O2●- = 3 x 10-7 M. Other species = 1 x 10-3 
M. Control = QDs-2 + O2●-. 
 
6.3.5.     Conclusions 
The nanocomplex of QDs-2 was successfully examined for its ability to optically 
recognize O2●- in aqueous solution. Based on this success, the proposed nanosensor 
approach, presents great promise for further development of sensors based on QDs-
MPc conjugates. 
 
6.4.     Detailed studies on the detection of bromide ion using GSH-CdTe@ZnS-
NiTAPc  
GSH-CdTe@ZnS-NiTAPc nanoconjugates were employed for the detection of Br-. 
Since the photoluminescence properties of QDs are dependent on their size, 
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different-sized; GSH-CdTe@ZnS (2.6 nm), GSH-CdTe@ZnS (3.4 nm) and GSH-
CdTe@ZnS (3.6 nm) were conjugated to 3 to study the size-dependent properties of 
the conjugates towards Br- detection. 
 
6.4.1.     Fluorescence studies 
As explained in the above section, the covalent binding of the different-sized QDs to 
3 induced the fluorescence “turn OFF” (quenching) of the linked QDs possibly due 
to FRET and other processes which deactivate the excited state. The fluorescence of 
the QDs in the conjugate was “turned ON” upon interaction with Br- as judged by 
the enhancement in fluorescence with figures similar to Fig. 6.1A – 6.1C.  It is 
expected that the presence of differently sized QDs, covalently linked to 3 could 
have a varying effect on the sensitivity of the nanoprobe. Hence, a comparative 
investigation using QDs(2.6)-3, QDs(3.4)-3 and QDs(3.6)-3 were carried out for Br- 
recognition.  It was observed that the optimum concentration of each QDs-3 
nanoprobe used for the experiment varied with the size of the QDs. Therefore, the 
ratio of each QDs-3 to Br- to induce the highest fluorescence enhancement at the 
optimum concentration of the former was: QDs(2.6)-3:Br- (1:2.7), QDs(3.4)-3:Br- 
(1:6.3) and QDs(3.6)-3:Br- (1:12.7). 
In addition, when the same concentration of Br- was added to the QD alone (plots 
not shown), there was quenching of fluorescence (not enhancement), but only higher 
concentrations (micromolar range) of Br- (as observed above for O2-●) could be 
detected and hence demonstrating the superior sensitivity of the QDs-3 nanoprobe. 
When the QDs were mixed with 3 without a chemical bond, there was quenching of 
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fluorescence of the former, but addition of Br- did not result in enhancement (“turn 
ON”) of fluorescence observed when there is a chemical bond between QDs and 3. 
In order to evaluate the fluorescence enhancement sensitivity of the nanoprobe, the 
fluorescence signal of the nanoprobe was plotted against varying concentrations of 
Br-. A good LOD for Br- (Table 6.1) were obtained for these plots. We observed that 
the LOD values displayed in Table 6.8 varied slightly, depending on the size of the 
QDs conjugated to 3 and followed the order: QDs(2.6)-3 > QDs(3.4)-3 > QDs(3.6)-3. 
We noted that as the size of the QDs increased, the sensitivity of the nanoprobe 
towards Br- decreased and thus demonstrating the versatile quantum size effect of 
nanocystal QDs.  The fact that the smaller QDs showed improved sensitivity could 
be related to the large surface area due to the size.  
 
6.4.2.     Mechanism of the fluorescence “turn-ON” probe 
Time resolved fluorescence measurements were carried out and the luminescence 
decay curves in the absence and presence of a fixed concentration of Br- were similar 
to Fig 6.2. As displayed in Table 6.8, the tri-exponential fluorescence lifetimes of 
QDs(2.6)-3 nanocomplex were significantly increased when a fixed concentration of 
Br- was added. When the same equivalent concentration of Br- was added to the QDs 
alone, a significant decrease in the fluorescence lifetime of the QDs was observed 
(Table 6.8). Alternatively, when QDs are mixed with 3 without a chemical bond, 
there was no significant enhancement of fluorescence observed. In fact, there was 
shortening of fluorescence lifetimes.  
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Table 6.8. Fluorescence lifetimes for a triexponential fit of GSH-CdTe@ZnS1 QDs 
(alone) and GSH-CdTe@ZnS1-3 nanoprobe (as a representative) in the absence 
and presence of Br- in 10 mM PBS buffer, pH 7.4. 
Samples  Br-[M]                   1 (ns) 
    ±0.09 
   2 (ns) 
    ±0.07 
   3 (ns)  
     ±0.03 
GSH-CdTe@ZnS(2.6) 0 
6.0 x 10-9 
45.6(0.54) 
38.6(0.51) 
15.7(0.40) 
12.3(0.41) 
2.6(0.06) 
1.8(0.08) 
GSH-CdTe@ZnS(2.6)-3- linked 0 
6.0 x 10-9 
38.3(0.52) 
65.6(0.59) 
12.2(0.41) 
19.6(0.37) 
1.7(0.07) 
3.5(0.04) 
GSH-CdTe@ZnS(2.6)-3-mixed 0 
6.0 x 10-9 
42.5(0.62) 
40.2(0.66) 
11.4(0.33) 
9.7(0.29) 
1.7(0.05) 
1.4(0.05) 
 
As stated above, it has been suggested that the emission of QDs is enhanced when 
the free motion of the substituents on the surface of QDs are suppressed [154]. This 
results in an ordered orientation or improved rigidity of the surface substituent, 
which may suppress the QDs quenching and thus increase the luminescence 
intensity. We suggest in this study that Br- may affect the orientation of compound 3 
via axial ligation as discussed above, Scheme 6.1. Based on the above hypothesis, the 
reaction mechanism can be summarised by means of an “OFF/ON” fluorescence 
principle in which GSH-CdTe@ZnS QDs transfers its energy to 3 as a result of FRET. 
This then led to a radiationless deactivation of the excited state of the QDs, and the 
fluorescence is quenched. Upon interaction of QDs-3 with Br-, the FRET process is 
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interrupted and the fluorescence of the QD is “turned on”.  This occurs only when 
there is a chemical bond between the QDs and 3. 
 
6.4.3.     Selectivity of the proposed nanoprobe 
To explore the selective performance of the proposed nanoprobe, the effects of 
excess co-existing cation and anion [1.5 x 10-6 M] of Na+, K+, Mg2+, Ca2+, Fe3+, Ni2+, 
Cr3+, Zn2+, SO42-, NO3-, NO2-, OAc- (acetate), CO32-, I-, F- and Cl- were  studied. The 
co-existing ions were mixed with a fixed concentration of QDs-3-Br- system. The 
concentration of Br- used was 4.8 x 10-8 M. Comparing the effects of the co-existing 
ions on the different-sized nanoprobe, Table 6.9 shows that the metal ions did not 
pose any significant effect on the fluorescence of QDs(2.6)-3-Br-, hence this probe 
was highly selective for Br- detection. For QDs(3.4)-3-Br-, the probe suffered from 
interference from ions such as: Na+, I-, F- and Cl-, hence this probe was partially 
selective for Br- detection. It turned out that QD621-3-Br- probe suffered severe 
interference from co-existing ions of: K+, Mg2+, Fe3+, Ni2+, Cr3+, Zn2+, NO3-, NO2-, 
CO32-, I-, F- and Cl-, hence this probe is not selective for Br- detection. Table 6.9 shows 
that the smaller QDs gave the lowest %FI values and the largest QDs gave the largest 
%FI values. In addition, the effects of familiar anions of Cl-, F- and I- were 
individually studied on the fluorescence of QDs(3.4)-3 (used as a representative) and 
their fluorescence effects were compared with Br-. As shown in Fig 6.9, it was 
observed that Cl-, F- and I- could enhance the fluorescence of the nanoprobe but their 
effect was very minimal at the same concentration used for Br-. Hence, developing a 
probe for Cl-, F- and I- using this method will require higher linear range and LOD 
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when compared to Br-. This implies that this nanoprobe can be used to detect similar 
anions with varying LOD. Such varying interactions and sensitivity of similar anions 
[254] and cations [255] on the fluorescence of QDs have previously been reported. 
This study demonstrates the feasibility of using QDs-3 for anion sensing in which Br- 
was purposely chosen as a model anion. Also, the purity of KCl (99 – 100.5 %), KI (99 
%), NH4F (≥ 98 %) used in this work indicates that trace amount of Br- may not be 
present in these salts, meaning this anions on their own can interact with the 
nanoprobe. In summary, the selectivity of the nanoprobe (QDs(2.6)-3 > QDs(3.4)-3 > 
QDs(3.6)-3) followed the same trend with the sensitivity of the probe and thus 
demonstrating in this work that the fluorescence response of QDs in luminescence 
sensor technology depends on their size. 
 
 
Fig. 6.9. Comparative effects of samiliar anions on the fluorescence of QDs(3.4)-3 
(as a representative). Concentration of Br-, Cl-, F-, and I- = 4.8 x 10-8 M. 
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Table 6.9. Percentage fluorescence intensity (% FI) change of co-existing 
interferent ions on the fluorescence detection of 4.8 x 10-8 M Br- by the proposed 
GSH-CdTe@ZnS QDs-3 nanoprobe. Concentration of interfering ions = 1.5 x 10-6 
M. Solvent:  10 mM PBS pH 7.4. 
Ions QDs(2.6)-3 
(%FI) 
QDs(3.4)-3 
(%FI) 
QDs(3.6)-3 
(%FI) 
Na+ +1.1 +4.8 +1.6 
K+ +0.5 +0.4 +8.3 
Mg2+ +0.3 -1.4 -13.6 
Ca2+ -0.2 +0.6 -1.8 
Fe3+ +2.1 -0.5 +12.4 
Ni2+ -0.3 +2.5 -5.4 
Cr3+ -0.3 -1.4 +3.7 
Zn2+ +1.1 +0.8 -4.1 
SO42- -0.1 -0.6 0.2 
NO3- -2.0 +1.2 -3.6 
NO2- +0.3 -2.1 +7.3 
OAc- +1.0 -0.5 -3.1 
CO32- +0.7 +0.4 +4.1 
I- +0.8 -7.6 -6.4 
F- +1.4 -4.3 -11.0 
Cl- +0.9 +5.5 +7.0 
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6.4.4.     Conclusions 
We have demonstrated in this study that GSH-capped CdTe@ZnS QDs of different 
sizes can be covalently linked to NiTAPc and applied as a luminescence nanosensor 
for anion sensing. Br- was chosen as a model anion. Experimental results showed 
that the overall sensor sensitivity and selectivity was dependent on the size of the 
modified QDs and followed the order: GSH-CdTe@ZnS(2.6)-3 > GSH-
CdTe@ZnS(3.4)-3 > GSH-CdTe@ZnS(3.6)-3.  
 
6.5.   Detection of fluoride ion using QDs-AlMAPc(5) and QDs-AlMAPPc(6) 
conjugates 
To ensure that only one reactive substituent of the MPc is linked to the QDs, this 
section reports on the chemical coordination of newly synthesized unsymmetrical 
substituted ClAlMAPc (5) and ClAlMAPPc (6) conjugated MPA-CdSe@ZnS (4.6 nm) 
and GSH-CdSe@ZnS (4.7 nm) QDs for application as a fluorescence-based sensor. 
The use of mono-substituted MPc complexes allows for a more defined conjugation 
to the QDs, unlike the previously used tetrasubstituted MPc (presented in the 
previous sections).  Al, as an example, was chosen as central metal for the Pc 
complexes because it could udergo axial ligand exchange reactions with the analyte. 
Fluoride ion (F-) was chosen as a test ion because selective screening of different 
anions (as discussed later) showed that F- was among the ions that could “turn ON” 
the fluorescence of the QDs-5 or 6 nanoprobe. The effects of the nature of ring 
substituents on the overall sensor sensitivity will be presented.  In addition, the 
application of the nanosensor for F- detection in tap water and in cell culture 
medium (Dulbecco’s modified Eagle medium (DMEM)) is presented. 
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6.5.1.     Selective screening of different anions 
In order to study the effects of different anions on the fluorescence response of the 
nanoprobe, a series of experiments were carried out using MPA-CdSe@ZnS-6 as a 
representative probe to evaluate the fluorescence “turn ON” effect of various anions. 
Fig. 6.10 shows the effects of these anions (at the same concentration, 1.4 x 10-8 M). 
As it can be observed, anions such as NO3-, NO2-, CO32-, SO32-, PO43- and OAc- further 
quenched the fluorescence of the nanoprobe and thus indicating that these anions 
cannot interact with the probe to “turn ON” the fluorescence. Anions such as SO42-, 
Cl- and I-, displayed a slight fluorescence increment on the nanoprobe while the 
effect of Br- and F- were much higher. In general, F- gave the largest fluorescence 
increment. This implies that this nanoprobe has a strong affinity for detecting similar 
anions. Fig 6.9, shows that the fluorescence of GSH-CdTe@ZnS(3.4)-3 in the presence 
of Br- was more enhanced than F- while Fig. 6.10 shows that F- was more enhanced 
than Br- using MPA-CdSe@ZnS(4.6)-6. This implies that the selectivity of the sensor 
depends on the size and nature of the QDs. 
As previously explained, the QDs fluorescence emission is “turned ON” when the 
free motion of the surface substituents is suppressed which gives rise to an ordered 
orientation or improved rigidity of the surface substituent. This may suppress the 
QDs quenching and thus enhance the fluorescence intensity. We propose that 
change in axial ligation on ClAlPc could influence the rigidity of its motion. F- has a 
high electronegativity and may replace Cl- in the axial position in ClAlPc (Scheme 
6.2). The exchange of Cl- for F- was proved spectroscopically by adding F- to ClAlPc 
solutions. A slight blue shift (2 nm) in Q band wavelength (Fig. 6.11) of compound 6 
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was observed for F- and thus confirming a possible axial ligand exchange [246]), 
while there were no noticeable changes for other ions (CO32-, NO3- and SO42-) that 
did not enhance the fluorescence. The electronic effect of the axial substituents is also 
known to play a major role in determining the degree of ruffling (distortion) in 
porphyrins [256] which will also be the case with Pcs. This may suggest that the 
linked Pc interacts strongly with F- than for the other anions and thus “turn ON” the 
fluorescence of the linked QDs. In addition, the substantial fluorescence increment 
by other anions (such as Cl-, I- and SO42-) suggests that this probe can be employed to 
detect these anions with varying sensitivity as often observed by other QDs-based 
probe [254]. However, to test the efficacy of the nanoprobe in this study, F- was 
selected as the test anion.  
 
Fig. 6.10. Effect of different anions on the fluorescence response of 
MPACdSe@ZnS-6 (used as a control) nanoprobe. Concentration of anions = 1.4 x 
10-8 M. 
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Scheme 6.2. Schematic representation for the detection mechanism of F- using the 
proposed nanoprobe. GSH-CdSe@ZnS-5 and GSH-CdSe@ZnS-5 nanoconjugates 
are shown as representatives. 
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Fig. 6.11. Effect of anions of the absorption spectrum of 6 (used as a 
representative). Concentration of ions [4.5 x 10-8  M]. 
 
6.5.2.     Fluorescence recognition of fluoride ion in aqueous media 
The detection of F- was studied using MPA-CdSe@ZnS(4.6)-5, MPA-CdSe@ZnS(4.6)-
6, GSH-CdSe@ZnS(4.7)-5 and GSH-CdSe@ZnS(4.7)-6 nanoprobes (as examples) in 
aqueous media. As observed for other analytes in the presence of QDs-MPc (Fig 6.1A 
– 6.1C), the fluorescence of the nanoprobe was enhanced in the presence of 
increasing concentration of F-. At the optimum concentration of F- (1.2 x 10-7 M), a 
77.6% fold increase in fluorescence intensity was observed for MPA-CdSe@ZnS-5, 
80.6% for MPA-CdSe@ZnS-6, 78.8% for GSH-CdSe@ZnS-5 and 88.1% for GSH-
CdSe@ZnS-6. Under the optimum conditions, the fluorescence signal correlated 
linearly with the concentration of F-. As shown in Table 6.10, good LOD values for F- 
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were obtained, but were dependent on the nature of the MPc conjugated to the QDs. 
This may be related to the electronic and distortion effects of the ring substituents.  A 
better LOD, which was obtained for MPA or GSH-CdSe@ZnS-6 conjugates could be 
related to the effect of the aminophenoxy substituent (which is more electron 
donating than the amino substituent) on the stabilization of the Pc. Comparison of 
the sensitivity of our new system for F- detection with other QDs-based probe [257-
259] showed that our system offers an improvement in the detection performance 
(Table 6.10).  
 
Table 6.10. Comparison of the detection performance of the proposed QDs-MPc 
nanoprobe with some published QD-based probe for F- detection based on 
fluorescence enhancement. 
Probe LOD Linear range References 
MPA-CdSe@ZnS(4.6)-5 2.30 x 10-10 M 1.5 x 10-9 - 1.2 x 10-7 M This work 
MPA-CdSe@ZnS(4.6)-6 1.04 x 10-10 M 1.5 x 10-9 - 1.2 x 10-7 M This work 
GSH-CdSe@ZnS(4.7)-5 1.78 x 10-10 M 1.5 x 10-9 - 1.2 x 10-7 M This work 
GSH-CdSe@ZnS(4.7)-6 1.42 x 10-10 M 1.5 x 10-9 - 1.2 x 10-7 M This work 
Gemini-CdSe@ZnS 6.8 x 10-7 M 1.5 x 10-4 - 3.0 x 10-3 M [257] 
Cysteamine-CdTe 5.0 x 10-5 M 0 - 1.2 x 10-2 M [258] 
AuNPs-CdTe 5.0 x 10-8 M 5.0 x 10-6 - 4.5 x 10-5 M [259] 
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6.5.3.     Time-resolved fluorescence measurements 
The optical performance of the QDs-MPc nanoprobe towards F- was further 
complemented using time-resolved fluorescence measurement and the decay curves 
were similar to Fig. 6.2. As shown in Table 6.11, MPA-CdSe@ZnS QDs exhibited a 
fast tri-exponential decay, with an average lifetime of 6.2 ns. CdSe@ZnS QDs 
obtained after ligand exchange are known to decay very fast [260]. For MPA-
CdSe@ZnS(4.6)-5 and MPA-CdSe@ZnS(4.6)-6 (in the absence of F-), the average 
fluorescence lifetime decreased substantially (relative to the QDs alone) which could 
be attributed to FRET from the QDs to the Pc or other processes which decrease the 
fluorescence of QDs as discussed already. In the presence of F-, an increase in the 
mean fluorescence lifetime was observed and thus confirming that the radiative 
electron-hole recombination pair of the linked QDs was activated. 
 
Table 6.11. Fluorescence lifetimes for a triexponential fit of MPA-CdSe@ZnS QDs, 
MPA-CdSe@ZnS-5 and MPA-CdSe@ZnS-6 nanoprobe (as a representative) in the 
absence and presence of F- in 10 mM PBS buffer, pH 7.4. 
Samples  F-[M]                  1 (ns) 
    ±0.1 
   2 (ns) 
    ±0.07 
   3 (ns) 
     ±0.04 
Mean 
Lifetime 
(ns) 
MPA-CdSe@ZnS(4.6) No Analyte 13.5(0.53) 4.4(0.38) 0.7(0.9) 6.2 
MPA-CdSe@ZnS(4.6)-5 0 
4.5 x 10-8 
12.3(0.51) 
13.2(0.45) 
2.7(0.30) 
3.6(0.38) 
0.6(0.19) 
0.7(0.16) 
5.2 
5.8 
MPA-CdSe@ZnS(4.6)-6 0 
4.5 x 10-8 
10.6(0.44) 
13.4(0.59) 
2.2(0.34) 
3.9(0.29) 
0.5(0.22) 
0.7(0.12) 
4.4 
6.0 
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6.5.4.     Detection of F- in simulated biological fluid and tap water 
The evaluation and usability of the proposed QDs-MPc nanoprobe for the detection 
of F- in real biological sample was carried out in DMEM cell culture medium. DMEM 
contains various components such as glucose, amino acids, vitamins, inorganic salts 
and other cell components and has been reported to be used as a medium to 
determine zinc ion using a QDs probe by spiking with a known concentration of the 
ion [260]. In this work, DMEM (diluted in a 10:1 with PBS buffer, pH 7.4) and tap 
water were spiked with a known concentration of F- (50 nM and 62 nM, respectively 
for DMEM and tap water). F- concentration in DMEM and tap water were measured 
three times using GSH-CdSe@ZnS-6 as a representative nanoprobe. The results listed 
in Table 6.12 showed that the concentration of F- determined using “turn ON” 
fluorescence was close to the amount added. The recoveries were in the range of 99 – 
102% and an excellent reproducibility of ≤2 % was obtained. The results obtained 
demonstrate the practicability and reliability of our sensor. 
 
Table 6.12. Application of QDs-MPc nanoprobe (GSH-CdSe@ZnS(4.7)-6 used as a 
representative probe) for the detection of F- in simulated biological fluid and tap 
water (n = 3). Mean values presented.  
Samples Spiked (nM) Found (nM) Recovery (%) RSD (%) 
DMEM:PBS(10:1) 62.0 63.3 102 1.50 
 50.0 50.1 101 0.67 
Tap water 62.0 62.8 101 1.16 
 50.0 49.5 99 0.45 
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6.5.5.     Conclusions 
This work shows that unsymmetrical substituted MPcs bearing amino substituents 
and conjugated to thiol-capped CdSe@ZnS QDs can be employed as luminescent 
nanosensors for anion sensing. Compounds 5 and 6 were successfully conjugated to 
MPA or GSH-capped CdSe@ZnS QDs. The fluorescence enhancement effect of F- on 
the proposed nanoprobe was influenced by the type of substituent anchored onto 
the MPc ring. In general, the nanoprobe was highly sensitive to F-. The results 
presented here would be beneficial in the design of substituent-dependent 
conjugates which could have a positive bearing on the sensitivity and efficacy of QD-
MPc based probes. 
 
6.6. Detection of mercury ion using QDs-NiMMSATBC(7) and QDs-
NiMMSAPc(8) conjugates 
While we have shown that symmetrical and unsymmetrically substituted MPc-QDs 
conjugates can be used for the fluorescence sensing of analytes, this study compares 
the effect of the nature of the macrocyclic ring (TBC versus Pc) by conjugating GSH-
CdSe@ZnS QDs (4.7 nm) to unsymmetrically substituted NiMMSATBC (7) and 
NiMMSAPc (8) for the detection of Hg2+. Selective screening of the conjugates in the 
presence of different cations showed that Hg2+ (discussed below) could induce the 
most selective “turn ON” of the sensor.  
 
6.6.1.     Selective screening of different cations 
The selective screening of different cations was performed using the proposed GSH-
CdSe@ZnS-7 and GSH-CdSe@ZnS-8 nanoprobes. The following cations: Na+, Mg2+, 
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Ca2+, Fe3+, Co2+, Mn2+, Cd2+, Cu2+, Ni2+, Sn2+, Pb2+, Ag+, Cr3+ and Hg2+ were examined 
at the same concentration level to determine their fluorescence response to the 
nanoprobe. A tolerable error of ±5.0% in relative fluorescence intensity was taken 
into consideration. As shown in Fig. 6.12, Hg2+ induced a significant fluorescence 
“turn ON” of the sensor, while other cations further quenched the fluorescence 
except Pb2+. The results imply that the proposed nanosensor can detect both Hg2+ 
and Pb2+ but with a greater sensitivity for Hg2+ than for Pb2+. Hence, Hg2+ was 
selected as the ion of interest. 
 
Fig. 6.12. Effects of different cations on the fluorescence response of GSH-
CdSe@ZnS(4.7)-7 and GSH-CdSe@ZnS(4.7)-8 nanoprobe. Concentration of ions = 
8.0 x 10-8 M. 
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6.6.2.     Fluorescence recognition of mercury ion 
The fluorimetric detection of Hg2+ was performed using the proposed GSH-
CdSe@ZnS-7 and GSH-CdSe@ZnS-8 nanoprobes in pH 7.4 PBS buffer. The 
enhancement of QDs fluorescence on increasing concentration of Hg2+ was similar to 
those shown in Fig. 6.1A – 6.1C. The fluorescence signal increased linearly with the 
concentration of Hg2+ within the linear concentration range of 1.2 x 10-9 – 3.8 x 10-8 M, 
Table 6.13. The LOD obtained were 2.0 x 10-10 M for QDs-7 and 5.7 x 10-11 M for QDs-
8 nanoprobe, Table 6.13. This gives a good indication that 7 can be employed as 
molecular recognition sensor for ion sensing when coupled to QDs but with a much 
lower sensitivity as compared to GSH-CdSe@ZnS-8 nanoprobe. Thus Pcs are better 
than TBCs. Comparison of our proposed detection system with some mercury-based 
QDs probes [70,261-263] showed an improvement in the detection sensitivity. 
 
Table 6.13. Fluorescence lifetimes for a triexponential fit of GSH-CdSe@ZnS QDs, 
GSH-CdSe@ZnS-7 and GSH-CdSe@ZnS-8 nanoprobe in the absence and presence 
of Hg2+ in 50 mM PBS buffer, pH 7.4. LOD also included. 
Samples  Hg2+[M]                1 (ns)a  
    ±0.1 
   2 (ns)a 
    ±0.06 
   3 (ns)a  
     ±0.02 
Mean 
Lifetime 
(ns) 
LOD 
GSH-CdSe@ZnS - 19.1(0.58) 6.3(0.34) 1.3(0.8) 8.9 - 
GSH-CdSe@ZnS-7 0 
3.8 x 10-8  
15.6(0.53) 
18.2(0.53) 
4.5(0.37) 
5.6(0.36) 
1.2(0.10) 
1.3(0.11) 
7.1 
8.4 
2.0 ×10-10 M 
GSH-CdSe@ZnS-8 0 
3.8 x 10-8  
14.7(0.52) 
19.1(0.55) 
3.9(0.32) 
6.3(0.36) 
1.2(0.16) 
1.3(0.09) 
6.6 
8.9 
5.7 ×10-11 M 
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6.6.3.     Time-resolved fluorescence measurements 
The activation of the radiative fluorescence enhancement effect of Hg2+ on the 
proposed nanoprobe was further analyzed using time-resolved fluorescence 
measurements, exhibiting decay curves similar to those shown in Fig 6.2. A 
triexponential fluorescence lifetime was obtained as detailed in Table 6.13. It was 
observed that the mean fluorescence lifetime of the conjugates decreased relative to 
the mean lifetime of the QDs alone. This may be due to FRET or other processes 
which deactivate the excited state of the QDs as discussed above. In the presence of a 
known concentration of Hg2+, the mean fluorescence lifetime of the conjugates 
increased and thus confirming the fluorescence “turn ON” effect of Hg2+ on the 
proposed nanoprobe. 
 
6.6.4.     Proposed mechanism of interaction 
We propose that the fluorescence “turn ON” effect of Hg2+ on the proposed 
nanoprobe may be due to binding of Hg2+ to the sulfur groups of 7 and 8 ring 
attached to the QDs. The presence of the sulfur atoms on the Pc rings gives the 
opportunity to bind soft transition metal ions such as Ag+, Pd2+, Pb2+ and Hg2+ [264]. 
In fact, it has been demonstrated by Zhou et al. [265] that Hg2+ specifically binds to 
sulfur groups of a cationic triazatetra-benzcorrole sensor. Hence, the same principle 
can be applied in this work as depicted in Scheme 6.3, in which Hg2+ binds 
specifically to the sulfur groups of the TBC or Pc ring and in turn influences the 
fluorescence “turn ON” mode of the QDs. Therefore, we propose that the differences 
in sensing abilities for Hg2+ compared to the other ions is related to its superior 
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binding ability, which affects the motion of the Pc or TBC and hence enhance the 
fluorescence of the QDs.  Fig. 6.12, shows that there is less enhancement of 
fluorescence for complex 7 compared to 8, suggesting that the motion of the former 
(with one aza nitrogen lost) is less affected by coordination of Hg2+ relative to 8. 
 
Scheme 6.3. Schematic representation for the detection mechanism of Hg2+ using 
the GSH-CdSe@ZnS-7 and GSH-CdSe@ZnS-8 nanoprobe. 
 
CdSe
ZnS
Ni
NN
N
N
N
N
NN
O
O
HO
S
HO
O
NH
N
O
H
CH2
O
NH
O
-O
S
OR
Hg2+
CdSe
ZnS
Ni
NN
N
N
N
N
NN
O
O
HO
S
HO
O
NH
N
O
H
CH2
O
NH
O
-O
S OR
Hg2+
Fluorescence "turn-ON"
Fluorescence "turn-OFF"
Hg2+
Ni
NN
N
N
N
N
NS
HO
O
O
CdSe
ZnS
HO
O
N
O
H
CH2
O
NH
O
-O
S
NH
Hg2+
Hg2+
Ni
NN
N
N
N
N
NS
HO
O
O
CdSe
ZnS
HO
O
N
O
H
CH2
O
NH
O
-O
S
NH
186 
 
6.6.5.     Conclusions  
The work presented here shows that both metallo-triaazatetra-benzcorrole and 
phthalocynanine complexes hold great promise as molecular recognition sensors 
when coordinated to QDs with the later showing a greater sensitivity. The nature of 
the ring could suggest that, TBC which is already distorted is less affected by 
analytes relative to the Pc. 
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7.     GENERAL CONCLUSIONS AND FUTURE PROSPECTS 
This chapter gives a summary of the work presented in this thesis and its future 
prospect. 
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7.1.     General Conclusions 
The luminescent sensing of different analytes using thiol-capped core and core-shell 
QDs on their own and when conjugated to an organic radical and macrocylic 
compounds such as metallo-phthalocyanines and a triazatetra-benzcorrole has been 
presented in this work. Interaction studies between core CdTe and DPPH● showed 
that QDs can be employed as excellent fluorescent probes for free radical sensing 
using fluorescence quenching processes. To determine the efficiency for ROS 
sensing, different thiol-capping of core CdTe and core-shell CdTe@ZnS QDs were 
investigated for their sensitivity towards ●OH and ONOO- detection. Comparative 
studies showed that the overall sensitivity and selectivity of the sensor depends on 
the type of capping and QDs used, with CdTe@ZnS QDs showing superior 
sensitivity than the core. 
Furthermore, QDs-4AT was highly selective towards bromide ion detection. Hence, 
a sensor for bromide ion was constructed based on the ability of bromide ion to 
“turn ON” the fluorescence of QDs-4AT probe. Elucidation of the reaction 
mechanism using EPR measurements showed that bromide ion transferred its 
electron to the nitroxyl moiety of QDs-4AT nanoprobe.  
The conjugation of macrocylic compound such as MPcs on the surface of QDs to 
form QDs-MPc nanoprobes for analyte sensing was attempted in this work with 
success. Different symmetrically-substituted tetra-amino MPcs were conjugated to 
CdTe@ZnS QDs to detect various analytes. Results showed that the QDs-MPc sensor 
exhibited superior sensitivity when compared with other conventional QDs-based 
probe. Investigation of the effect of the central metal showed that the sensor could be 
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formed regardless of the central metal within the Pc ring but with varying 
sensitivity. Metal-free Pc did not show any sensitivity towards analyte sensing. The 
mechanism of the QDs-MPc sensor was investigated with result showing that axial 
ligation of the analytes to the MPc ring was responsible for the “turned ON” effect of 
the probe. 
Finally, the conjugation of QDs to unsymmetrical substituted MPcs showed that it 
can be employed for analyte sensing with superior sensitivity. However, the 
sensitivity of the sensor was dependent on the substituent attached to the Pc ring. 
Also, the efficiency of sensing using QDs-MPc probe versus QDs-TBC probe was 
investigated with result showing that TBC can be incorporated into the family of 
macrocyclic compound as host-molecule sensor but showed a lower sensitivity for 
analyte sensing when compared with QDs-MPc probe. 
 
7.2.     Future Prospects 
Despite the success of using QDs-MPc probes for analyte sensing, analyte-specific 
subtsituents are needed to be attached onto the MPc ring in order to develop more 
selective QDs-MPc sensors. 
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